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ABSTRACT
NEW ISOMERIC SILICONES: SYNTHESIS, COMPOSITION AND SURFACE
PROPERTIES
February 2022
YAN CONG
B.S., PEKING UNIVERSITY
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Thomas J. McCarthy
This dissertation presents research performed in the field of silicone polymer science, which
refers to polymers with alternating silicon-oxygen backbones. Three research topics will be
explored. The first topic involves the synthesis of trimethylsiloxysilsesquioxane (MT) copolymers
with vinyl and hydride functionalities as reactive liquid silicone precursors. The second topic
describes titration of dimethylsiloxy (D) composition into trimethylsiloxysilsesquioxane (MT)
copolymers for the purpose of controlling the mechanical properties and thermal stabilities of the
material. The last topic explores the modification of hydrophobic silicone surfaces with oxygen
plasma to form silica-like, hydrophilic surfaces and the behaviors of hydrophobic recovery.
The first chapter provides a general review of silicone polymers with an emphasis on the
simplicity of the chemistry and rational science that underpins the experiments that were carried
out in this thesis research. The history of silicone polymers is introduced, as well as the key
chemistry reactions that are utilized in the thesis research: (1) hydrolysis and condensation of
methoxysilanes, and (2) hydrosilylation of olefins and hydridosilanes. Finally, some basic
concepts of surface wetting including contact angles and contact angle hysteresis are presented.

ix

Three separate, but interrelated projects are presented after this introduction. In the first
project described in Chapter 2, trimethylsiloxy-terminated phenylsilsesquioxane (MTϕ)
copolymers

were

prepared

using

modifications

of

procedures

used

to

prepare

(homo)poly(phenylsilsesquioxane) (pTϕ), the structures of which are discussed in detail. With the
addition of trimethylsiloxy monomers with vinyl (MV) or hydride (MH) functionalities, MTϕ
copolymers were obtained as precursors with control over silanol content and M to T ratio. These
reactive MTϕ copolymers were crosslinked by hydrosilylation between vinyl and hydride, and hard
silicone materials were formed with excellent thermal stabilities.
In the second project described in Chapter 3, the mechanical properties of crosslinked
silicones

were

controlled

by

titrating

dimethylsiloxy

(D)

composition

into

trimethylsiloxymethylsilsesquioxane (MT) silicones. The intrinsic rigidity of the crosslinked MT
network results in a high modulus of the material. By bringing the flexibility of D composition
into the network, the moduli of the crosslinked materials are able to be controlled. D composition
was titrated during the preparation of reactive liquid precursors, and was controlled by D:T feed
ratio, which could predict the moduli of final crosslinked materials. The structure-property
relationships were also explored in terms of this network structures.
The last project described in Chapter 4, entails research involving the hydrophobic recovery
of silicone surfaces. Oxygen plasma was utilized to generate hydrophilic surfaces with silica
reactivity on some of the crosslinked silicones discussed in the first and second projects. The
hydrophobic recovery process was monitored by dynamic contact angle using water as a probe
fluid. The MT networks exhibited slower recovery compared with common PDMS networks.
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CHAPTER 1
INTRODUCTION
1.1 Overview
Silicones are polymers with siloxane-based (Si-O-Si) backbones. Invented in the late 1930s
and early 1940s, silicones exhibit many unique properties that sharply distinguish them from
common carbon-based polymers. Their high thermal stability and low dielectric constant make
them ideal materials for wire insulation, and their water-repellent surfaces were widely used in
aircraft during World War II.1 Silicone-based products are now ubiquitous in our everyday lives,
including bakeware, personal care products, contact lenses, adhesives, anti-foaming agents, etc.
This brief chapter is included here both to provide some general background and to emphasize
the simplicity of the chemistry and rational science that underpins the experimental work that was
carried out in this thesis research. The general history of silicones will first be introduced, and the
history explains by itself the reason why silicones are neglected in academic curricula. The widelyused nomenclature of silicones will be introduced next, as well as the two chemistry reactions that
are utilized in the thesis research. Finally, some fundamental concepts of surface wetting are briefly
introduced.
1.2 Introduction to Silicones
1.2.1 Silicon, Organosilanes and Discovery of Silicones
One of the main elements in silicones is silicon, which in nature essentially only exists in
combined forms of silica and silicates due to its high affinity to oxygen. The history between
humans and silicon has spread over centuries, and three theses from the McCarthy group addressed
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this history in greater detail than is presented here.2,3,4 The history of silicones could actually date
back to 1824, when Berzelius successfully isolate elemental silicon by reducing potassium
fluorosilicate K2SiF6 with molten potassium. He then ignited silicon under chlorine gas and
obtained silicon tetrachloride, SiCl4.5 This great success opened the possibilities of organosilane
synthesis and the future discovery of silicones.
In 1904, Frederic Stanley Kipping discovered that the reaction between SiCl4 and Grignard
reagents generated a mixture of organochlorosilanes (Eq. 1.1), which hydrolyzed readily in water.6
He assumed that when dichlorosilanes were hydrolyzed, silicon formed double bonds with oxygen
(Si=O), similar to ketones by analogy with carbon chemistry. Therefore he named the hydrolysate
“silicone”.7 Nevertheless, he never succeeded in isolating “silicone” as expected; in fact,
hydrolysis was followed by rapid condensation, yielding polymeric or ring structures with Si-O
single bonds. Kipping’s assumption was proved wrong, but the word “silicone” became prevalent.
RMgBr + SiCl4 ® RSiCl3 + R2SiCl2 + R3SiCl + R4Si + MgBrCl

(Eq. 1.1)

In 1919, Alfred Stock successfully isolated and hydrolyzed dimethylsilane to form a
tenacious, chemically-resistant water-repellent film on glass.1 This was the first time that a methyl
silicone was made, observed and reported. Notably, in 1936, Kipping made a comment that
although the synthesis of organosilanes was well developed, their number was so small relative to
carbon-based molecules that the prospect of any immediate and important advance in this section
of organic chemistry does not seem to be very hopeful.8 Though history has proven him wrong,
academia held little interest in silicone research at that time.
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1.2.2 The Industrial History of Silicone
In the 1940s, the fast growing market of insulation required new materials with excellent
electrical and thermal properties, and it was the time when silicone started to gain industrial
attention. Corning Glass Works entered the silicone business when J. F. Hyde successfully
prepared ethyl phenyl silicones with outstanding electric and thermal properties at elevated
temperature.9 He started with ethylphenyldichlorosilane synthesized with Grignard reagents via
Kipping’s route. After its hydrolysis and condensation, resinous silicone was obtained, resembling
films formed from drying oils, but are superior to the latter in thermal stability. Corning Glass
Works and Dow Chemical then established a joint company, Dow Corning Corporation, for
silicone business. Corning needed Grignard reagents to produce organosilanes, while Dow
Chemical monopolized the market of magnesium. Dow Corning Corporation soon became one of
the largest producers of silicones in the world. What began as this joint venture is presently part
of Dow Chemical Corporation.
General Electric (GE) also entered the silicone business under the joint effort of many GE
researchers. In 1941, E. Rochow prepared a series of methyl silicones with different CH3/Si ratios
upon hydrolysis and condensation of methyl chlorosilane mixtures ((CH3)xSiCl4-x) synthesized
with Grignard reagents.10 He observed the most interesting properties from silicones with averages
of 1.3 to 1.5 CH3/Si ratios. The CH3/Si ratios indicated that these methyl silicones were mainly
composed of networks with dimethyldisiloxy Me2SiO and methyltrisiloxy MeSiO3/2 bonds. The
silicones cured into transparent, hard solids upon heating. One had excellent thermal stability,
exhibiting no visible change at all even after heating at 200 °C for a year (Figure 1.1). He also
prepared methyl silicone with the same CH3/Si ratio from the hydrolyzed pure mixture of dimethyl
3

dichlorosilanes, Me2SiCl2, and methyl trichlorosilane, MeSiCl3, and proved that methyl silicones
from the two synthetic methods were identical.11 His work was also summarized in five US patents,
with five types of silicones including methyl, ethyl, phenyl and phenyl derivatives, and methyl
phenyl.12,13,14,15,16
Figure 0.1 The cured methyl silicones with averages of 1.3 to 1.5 CH3/Si ratios made by E.
Rochow before and after heating at 200 °C for a year (derived from ref. 11).

Limitations of Kipping’s route prevented the large scale production of silicones. Separation
of pure silanes from mixtures was extremely difficult due to their similar boiling points and the
fact that two of them, trimethylchlorosilane and silicon tetrachloride, form an azeotrope.11
Grignard reagents also brought many problems including the high cost to produce and recycle
magnesium and the large volume of volatile solvents required. It was apparently not practical to
scale up Grignard syntheses in chemical plants. GE urgently needed an alternative to overcome
the monopoly of magnesium in order to further compete with Dow Corning Corporation in the
silicone business.
It was at that time when Rochow invented what is now known as the Direct Process. He
discovered that passing chloromethane vapor through hot Cu/Si alloy yielded crude silane, a
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mixture of methylchlorosilanes with surprisingly high selectivity towards dimethyldichlorosilane
(Eq. 1.2).17,18 The crude silane was then separated and purified by distillation. Since this reaction
was independently discovered by the German scientist Müller, it often termed the Rochow-Müller
synthesis. The catalytic mechanism of the Direct Process was studied intensively through the years,
yet is still not fully understood. This heterogenous reaction takes place only on the surface with
the adsorption of chloromethane and desorption of the products.19 Besides the active catalyst
copper, trace elements such as zinc, tin and aluminum, known as promoters, greatly influence the
reactivity and selectivity of the reaction.20
CH3Cl + Si —® (CH3)xSiCl4-x

(Eq. 1.2)

where x = 0-4.
Even till today, industrial silicone manufacture still relies on the Direct Process to produce
methylchlorosilanes, which is the base of all other silanes and silicone products. This invention
was described as the most important single experiment and the best single day’s work in the history
of silicone industry.1 The main product, dimethyldichlorosilane, is the key monomer to synthesize
poly(dimethylsiloxane) (PDMS), which is now widely used in many aspects such as adhesives,
anti-foaming agents, coatings, etc.
1.2.3 The Neglection of Silicones
The discovery of the Direct Process should have brought silicone business to the next level.
However, World War II took place almost at the same time, and the United States was deeply in
the war by the end of 1941. Silicones became a national security secret due to their excellent
performance on military aircrafts and submarines, and publications along with patents regarding
5

the topic of silicones were prohibited during the war. Besides, the two competitors in the silicone
business, Dow Corning and GE, were forced to collaborate in order to support the US in the war,
and their patents were temporarily accessible to both of them. After the war, a series of lawsuits
regarding the ownership of patents arose, leading to significant delays in silicone production and
the information release of silicone research. Also, Dow Corning and GE had to develop new
applications other than military use in order to maintain their silicone businesses, and many of the
modern commercial silicones were developed then including, but not limited to adhesives,
surfactants, coatings and lubricants.
Due to this history, silicones were absent from public knowledge during the time of fast
development of polymers, therefore neglected in the academic textbooks of polymer science. Even
after the ban on releasing information of silicones was lifted, the unique feature of possessing both
organic and inorganic nature made silicones hard to simply fit into one of the two fields. Therefore
silicones are generally neglected in academic curricula. On top of that, most breakthroughs in
silicone research were completed by industry, therefore problems involving patents and trade
secrets hindered silicone research in academia. It is crucial to have fundamental research from
academia to fully understand the chemistry of silicones.
1.2.4 General Structure and Properties of Silicone
In the periodic table, silicon sits right below carbon, indicating similar chemical behaviors
between them. However, silicon is sharply different than carbon in several aspects including radius,
valency and electronegativity. Silicon has an atomic radius of 1.10 Å, while carbon has a smaller
atomic radius of 0.70 Å.21 With the electron configuration [Ne] 3s2 3p2, silicon is usually tetracovalent, the same as carbon. The vacant d orbitals, however, allow silicon to have multiple forms
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of hybridization from sp3 (tetravalent), sp3d (pentavalent) to sp3d2 (hexavalent).22 Electronegativity,
𝜒, is considered a reliable indication of bond polarity and dipole moment. Silicon has a low 𝜒 by
the Pauling scale, shown in Table 1.123. The electropositive nature of silicon makes its covalent
bonding with common elements distinctive.
If bonded with a more electronegative atom R, such as oxygen, halides or nitrogen, silicon
has larger 𝜒 difference with R than carbon does, therefore the Si-R bond is more vulnerable to
nucleophilic attack than C-R bonds. This is the reason why the Si-Cl bond hydrolyzes more readily
than the C-Cl bond, and also why the Si-O bond has an approximately 51% ionic nature. Silicon
even has a lower 𝜒 than hydrogen. Compared to the Cd--Hd+ bond with a dipole moment toward C,
the Sid+-Hd- bond has an opposite dipole moment toward H, with H carrying a partial negative
charge. Therefore, the Si-H bond is susceptible to hydrolysis in basic conditions and becomes an
Si-OH bond.
Table 0.1 The Pauling electronegativity of some selected elements.
Elements

H

C

N

O

S

F

Si

Cl

Br

I

𝜒

2.2

2.5

3.0

3.4

2.6

4.0

1.8

3.2

3.0

2.7

Due to the unique Si-O bond, silicones with siloxane backbones exhibit completely different
properties compared to organic polymers with carbon-containing backbones. Comparing
poly(dimethylsiloxane) (PDMS) with poly(isobutylene) (PIB) with a carbon-carbon backbone is
illustrative. The chemical structures of both polymers are shown in Figure 1.2. Due to larger atomic
radius, the siloxane bond Si-O and silicon-carbon bond Si-C (1.62 Å and 1.90 Å) are longer than
the carbon-carbon single bond C-C (1.53 Å).24 The silicone also has average bond angles of 112⁰
(O-Si-O) and 145⁰-150⁰ (Si-O-Si), higher than the 109⁰ value of tetrahedral C-C-C bonds.25
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Furthermore, the 51% ionic nature of Si-O bond results in a less directional bond angle, so flexible
that it can readily pass through the linear 180⁰ state.26 Therefore, individual methyl groups have
large freedom to swing and rotate around silicon atoms, which is not possible in carbon-based
polymers such as PIB. All of the above contribute to the nearly zero energy barrier of PDMS chain
rotation, which gives rise to a very low glass transition temperature of -123 ⁰C.27 Furthermore, the
freedom of motion of methyl groups creates significant free volume and lowers the van de Waals
attractions between chains, which explains many unique properties such as low viscosity change
with temperature, high gas permeability, especially for oxygen and water vapor, and high
compressibility.28,29,30,31
Figure 0.2 Comparison of a) poly(dimethylsiloxane) and b) poly(isobutylene) in bond length,
bond angle and rotational freedom.

140º

112º
1.62 Å

poly(dimethylsiloxane)
PDMS

1.5
3

0Å
1.9

109º

Å

poly(isobutylene)
PIB

Silicones usually exhibit excellent thermal stability, since the siloxane bond, Si-O, has higher
bond strength than the carbon-carbon single bond C-C in terms of bond dissociation energy (800
kJ/mol versus 610 kJ/mol).25 PDMS stays thermally stable up to 300 ⁰C, however thermal
degradation to cyclic oligomers such as D3 and D4 occurs at temperatures around 500-600 ⁰C.32
Cyclic oligomers occur with depolymerization via Si-O bond scission which is favored by chain
flexibility. Regarding chemical stability, PDMS is non-reactive under most conditions, however
due to the ionic nature of Si-O bond, it is reactive under acidic and basic conditions. Acid and base
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are able to catalyze siloxane bond cleavage and rearrangement and are used for siloxane synthesis
and equilibration.33
The most widely used nomenclature of silicones was developed by GE and has (only) four
one letter abbreviations that represent the four basic repeat units of silicone: M for monofunctional
R3SiO1/2, D for difunctional R2SiO, T for trifunctional RSiO3/2 and Q for tetrafunctional SiO2
(Figure 1.3). The chemical structures of silicones can be easily expressed with this silicone
“alphabet”. For example, the crystalline solid polyhedral oligomeric silsesquioxane (POSS) can
be written as T8, the well-studied PDMS as MDnM, cyclic octamethylcyclotetrasiloxane as D4. If
not noted separately, the organic group on silicon atom is the methyl group. Other types of organic
groups or functional agents are expressed via superscripts. For example, If the organic group on
ϕ

POSS in phenyl, it could be written as T.8 . If the M unit is dimethylsilyl, containing an Si-H bond,
such as in tetramethyldisiloxane, it can be written as MHMH.
Figure 0.3 Structures of the four basic repeat units and the corresponding GE nomenclature
abbreviations.
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1.2.5 Chemistry of Silicones: Polymerization and Network Formation
1.2.5.1 Hydrolysis and Condensation
Nucleophilic substitution is the basic reaction mechanism of polymerization via hydrolysis
and condensation. The large electronegativity difference between silicon and chlorine/oxygen
makes the chemical bonds susceptible to attack by nucleophiles such as water. The hydrolysis of
chlorosilanes/alkoxysilanes therefore yields silanols which condense to lose water, forming low
molecular weight oligomers, either cyclic or linear. This process can be catalyzed by either acid
or base. Protonation of the alkoxy group by acid enhances its leaving ability, thus the overall rate
of nucleophilic substitution.20,34 Deprotonation of silanols to silanolates by base and the higher
acidity of silanols over alcohols increases nucleophilicity thus the reaction rate.35 Mechanisms for
this catalysis are shown in Figure 1.4. If chlorosilanes are used, the hydrolysis product,
hydrochloric acid (HCl), can act as a catalytic agent, however the alcohol product from
alkoxysilanes is non-catalytic, which is why the hydrolysis rate of alkoxysilanes is slower and
needs acid or basic catalysts.
Figure 0.4 Schematic illustration of a brief mechanism for a) acid- and b) base-catalyzed
condensation (proton rearrangement is included but not drawn).
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Hydrolysis and condensation can occur in any silicone unit. Monofunctional silanes are used
as end-capping reagents to stop chain growth. For D units, a polydisperse linear PDMS can be
obtained from dimethyldichlorosilane. For T units, hydrolysis and condensation of
trialkoxysilanes/ trichlorosilanes generate silsesquioxanes, a highly crosslinked random network,
or a well-defined cage structure (POSS). As for Q units, under sol-gel reaction, tetraalkoxysilane
Si(OR)4 undergo hydrolysis and condensation to form silicas with numerous and various
morphologies. Under acidic catalysis, the rate of condensation is slower than hydrolysis, resulting
in a loose “spaghetti” structure. In contrast, the rate of condensation is faster with basic catalysts,
forming dense particles. Controlled reaction of tetraethoxysilane Si(OEt)4 in water/ethanol
catalyzed by ammonia can yield a spherical, monodisperse silica called Stöber particles.36
1.2.5.2 Platinum-Catalyzed Hydrosilylation
Hydrosilylation is the addition of the silicon-hydride bond to the carbon-carbon unsaturated
bond, namely alkene or alkyne (Figure 1.5a). Since the first report of hydrosilylation in 194737, it
has been widely used in both research and industry for the preparation of organosilanes, and has
numerous applications in surface coating, sealants, adhesives, cosmetics and pharmaceuticals.38
Many metal catalysts have been developed from group 8, 9 and 10 metals, and the most widely
used catalysts are platinum-based due to their higher catalytic activity compared to other catalysts.
This activity difference is so great that it offsets the cost of platinum. Some platinum-based
catalysts include hexachloroplatinic acid (H2PtCl6) with the common name “Speier catalyst”,
platinum-divinyltetramethyldisiloxane (MVMV) complex with the common name “Karstedt’s
V

catalyst”, and platinum-tetravinyltetramethylcyclotetrasiloxane (D 4) complex with the common
name “Ashby-Karstedt catalyst”. Two of these are shown in Figure 1.5b.39,40
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Platinum-catalyzed hydrosilylation of olefins is generally explained by the Chalk-Harrod
mechanism (Figure 1.6).41 This mechanism involves elementary steps of oxidative addition of the
Si-H bond to the metal complex, alkene coordination to the metal complex, migratory insertion of
alkene into M-H bond, and reductive elimination forming a Si-C bond. Due to steric hinderance,
the primary silane is often generated. Another modified Chalk-Harrod mechanism (Figure 1.6)
was proposed later to explain the formation of vinyl silane in some cases, which involved
migratory insertion of alkene to M-Si bond and reductive elimination by C-H bond formation.42
However, a recent study claimed through quantum chemical calculations that the Chalk-Harrod
mechanism is more favored. They claimed that the activation barrier of the rate limiting step in the
Chalk-Harrod mechanism, which is the migratory insertion of alkene, is lower than that in the
modified Chalk-Harrod mechanism.43
Figure 0.5 Schematic illustration of a) hydrosilylation reaction, and b) structures of the Speier and
Karstedt’s catalyst.

b)

Speier’s catalyst

Karstedt’s catalyst
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c

Figure 0.6 The Chalk-Harrod mechanism and modified Chalk-Harrod mechanism (derived from
ref. 42).

In the early stage of hydrosilylation, the divinyltetramethyldisiloxane ligands in Karstedt’s
catalyst need to first undergo hydrosilylation themselves or ligand exchange to give rise to the
active catalyst, and this can cause an induction period.44 Under some conditions the ligand is too
labile with fast ligand dissociation, which can lead to the low activity and stability of Karstedt’s
catalyst due to platinum aggregation.45 Many approaches using derivatives of Karstedt’s catalyst
V

have been reported. Ashby-Karstedt’s catalyst is one example with D 4 as ligand instead of MVMV.
The cycloalkenylpolysiloxane ligand improves the overall stability of the catalyst with reduced
time of induction period and reduced ppm of platinum needed.46
1.3 Introduction to Wetting
The concept of contact angle was first proposed by Thomas Young in 1804. He stated that
for each combination of a solid and liquid, there is an appropriate angle of contact between the
surfaces of the fluid, exposed to the air, and to the solid.47 He referred to a sessile drop with a
13

three-phase contact line and a contact angle. Later, Young’s equation was used to describe
quantitively the relationship between contact angle and three interfacial free energies, solid-vapor,
liquid-vapor and solid-liquid (Eq. 1.3).48
cos θ =

!!" " !!#
!#"

(Eq. 1.3)

However, this contact angle of the same sessile drop on the same surface varies. If liquid is
carefully withdrawn from the droplet, when contact angle decreases to a certain angle, then the
drop begins to recede at this constant angle, θR, called the receding contact angle. If liquid is
carefully added to the droplet, when contact angle increases to a certain angle, then the drop begins
to advance at this constant angle, θA, called the advancing contact angle. A graphic illustration is
drawn in Figure 1.7.49 Although a sessile drop can form any angle between θR and θA, the values
of θR and θA are fixed for a given combination of solid and liquid. If a droplet is sliding down a
tilted surface, both angles are present in the shape of this droplet, θA on the downhill side and θR
on the uphill side (Figure 1.7). The two angles are equally important to characterize a certain
surface. The difference between θR and θA is termed hysteresis.
Figure 0.7 Illustration of receding contact angle and advancing contact angle. a) The droplet has
an original meniscus of line 1. As the liquid is carefully withdrawn from the droplet, contact angle
decreases until the meniscus reaches line 2 with a contact angle of θR, then the droplets recedes at
this constant angle to line 3 and 4. b) The droplet at meniscus line 5 increases to θA at line 6 and
advances at θA to line 6 and line 7. c) The droplet is sliding down a tilted surface with θA at the
downhill most point and θR at the uphill most point. The illustration is derived from reference 49.
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Gao and McCarthy have explained wetting behavior, including θR, θA and hysteresis in
detail.48,49 They showed that the wetting behavior is controlled only by the 1D three-phase contact
line instead of the whole 2D contact area, and viewed the contact angle hysteresis from a kinetics
perspective. Advancing and receding events can be completely different processes, not necessarily
relevant to each other, and not the reverse of one another. Different activation barriers are required
to be overcome for the contact line to either advance or recede on the surface, and contact angle
hysteresis is a reflection of this activation barrier difference.
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CHAPTER 2
REACTIVE MT COPOLYMERS BASED ON PHENYLSILSESQUIOXANES
2.1 Introduction
2.1.1 Silicones and Silicone Alphabet
The word, silicones, describes a broad class of hybrid organic/inorganic polymeric
materials1,2,3 for which the overused adjective “unique” legitimately applies from multiple
perspectives. Four of these are mentioned here: (1) Silicones stand out among commercial
polymers, in both scope and in terms of global demand, as the only ones that do not contain carbon
in their main chain. The Si–O for C–C bond replacement results in special properties including
superior thermal stability due to the greater homolytic bond dissociation energy of Si–O (444
kJ/mol) relative to C–C (346 kJ/mol).4 Thermal stability is sometimes confused5 with chemical
stability, however the order is reversed in terms of relative reactivity as siloxane hydrolysis and
equilibration occur readily with acid, base or fluoride catalysis,6,7,8 and occur at silica surfaces at
room temperature with no additional catalyst present.5,9,10 Methylsilicones are decomposed
hydrolytically and by bacteria in soil to form CO2 and silica, with dimethylsilanediol as a relatively
long-lived and isolable intermediate.11,12 (2) The Si–O–Si (siloxane) bond system in silicones,
unlike C–C–C, C–O–C, C–N–C, etc. (all bonds in organic materials), does not have a fixed bond
angle, thus is flexible, and can readily pass through the linear 180° state.13 The Pauling
electronegativities of Si (1.8) and O (3.5) make it the most polar bond in any common polymer
(more so than C–F with Pauling electronegativities of 2.5 and 4.0) and can be used to calculate
that the bond is 51% ionic.14 Thus the main chains of linear silicones are held together by anglefree bonds with very high ionic character, but these are opposing dipolar bonds so that the polymers,
both as molecules and materials, are non-polar. This flexible bond gives silicones unique low
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temperature behavior (Tg values of -120 ℃ or lower) as well as unique compressibility and
permeability properties at all use temperatures.15,16 (3) Methylsilicones exhibit both hydrophobic
and oleophobic behavior so they are, not unexpectedly, interface-active in many aqueous/organic
and other binary systems, for example polymer/metal oxide, cosmetic/skin, stomach fluid/gas
bubble, insecticide/plant leaf, polyurethane foam/blowing agent, and conditioner solution/hair.
This activity can be enhanced, attenuated or tuned and taken advantage of to control interface
properties using an extremely versatile chemistry platform. Coupling agents, release liners, mold
release agents, antifoam agents, adhesives, surfactants, etc. can be designed rationally and have
been implemented broadly based on silicone chemistry.1,2 (4) Methylsilicones do not form a
conductive carbonaceous residue upon thermal decomposition in oxygen-starved environments
which sets them apart from organic polymers with C–C bonds. This makes them well suited for
use as electrical insulation, particularly in elevated temperature environments. If the temperature
exceeds the decomposition point, silicones do not form an electrically conductive char, but merely
oxidize superficially to silica, an insulator.17
Silicones are best defined as copolymers of four components that are referred to by the widely
accepted (General Electric, GE) MDTQ nomenclature,18 shown in Figure 2.1 using the methyl
group, which accounts for the bulk of commercially produced silicone-based materials. Other
organic groups other than methyl are expressed via superscripts to indicate their structures. These
four structural units can be linked together (2 O½’s form a siloxane bond) in multiple ways to form
a very broad array of materials. The vast majority of silicone applications19 involve
poly(dimethylsiloxane) (PDMS, –(D)n– ) that may be end-capped with M groups to prepare fluids
or reactive T groups to prepare coatings, sealants or adhesives. The methyl groups in M and D
units can be substituted with vinyl (MV) and hydride (MH) functionality to prepare 2-part curable
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silicones that are crosslinked by hydrosilylation to form elastomers. Three types of silicone resins
are important, DT, MQ and T,1,2 which contain reactive silanols which condense upon cure. There
are commercial D-rich DT resins that form soft materials and higher T-content DT resins that form
harder materials; the two can be mixed to form materials with intermediate properties.20 MQ resins
are used as tackifiers in pressure-sensitive adhesives, film-forming components in cosmetics, and
reinforcing agents in liquid-injection moldable rubbers.1,2 T resins, for historical reasons, are called
silsesquioxanes and are used as particles (Tospearl™), powder coatings, cosmetic components,
and spin-on dielectric insulators.1,2 Academic interest in silicone resins has been almost
unidirectionally focused on the silsesquioxanes and substantive literatures are available that
describe both oligomeric (POSS - polyhedral oligomeric silsesquioxane)21,22 and polymeric23
materials.
Figure 0.1 Four basic components of silicones abbreviated by the widely accepted (General
Electric, GE) MDTQ nomenclature.
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2.1.2 Phenylsilsesquioxane
Phenylsilsesquioxane is, by a significant margin, the most studied poly(silsesquioxane) due
to its high thermal stability.23 The widely-spread reputation perhaps also comes from the ladderlike network structure of this homopolymer proposed by Brown et al. in 1960, shown in Figure
2.2 and labelled B.24 However, the current literature is neither accessible nor coherent concerning
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poly(phenylsilsesquioxane) homopolymer (pTϕ) includes a period that can be considered
controversial in retrospect, but a controversy never materialized and the issue has apparently been
forgotten. Subsequent researchers in this field ignored it and collectively were drawn to and sided
with one structural view and/or never considered the other, likely because chemical structures for
this alternative view were never drawn. The seminal review23 of these polymers describes both
perspectives, but without sufficient or critical detail. It favors neither, but as most of the literature
is from one side, this side predominates and has prevailed.
Sprung and Guenther were the first to wrestle with this structural issue and studied in
significant detail25,26,27,28,29 the hydrolysis and condensation of trifunctional (T) alkyl- and phenylsilanes to prepare both oligomeric and polymeric silsesquioxanes. Their work at GE, as well as
that of Barry et al.30,31 at Dow Corning laid the foundation for polycyclic oligomeric silsesquioxane
(POSS) research that expanded significantly in subsequent decades.20,21 Sprung and Guenther
noted29 in 1958 that the phenyl system, Tϕ(OH)3 ¨ (Tϕ)n, behaved very differently than the alkyl
silsesquioxanes. In particular, phenyltriethoxysilane underwent base-catalyzed hydrolysis and
condensation to form a high molecular weight soluble polymer rather than a crosslinked gel or
condensed particles. That a trifunctional monomer could form a nearly completely condensed
(very few residual silanols) high molecular weight soluble polymer, even in highly concentrated
solutions, was surprising and the authors suggested two possibilities for this behavior which are
the two sides of the “controversy” alluded to in the previous paragraph: (1) a ladder-like structure
(they did not discuss stereochemistry) and (2) a chain of linked, incompletely condensed (open)
T8 cages. These structures are shown in Figure 2.2 and labelled A, using the shorthand notation of
Sprung and Guenther, with vertices representing Tϕ units and connecting lines indicating siloxane
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bonds. The authors noted the ease with which the high polymer depolymerizes under certain
conditions to T8 (Figure 2.2) and proposed mechanisms for this transformation for both the ladderlike and linked cage structures. They did not comment on their preference for one or the other of
these views. Their mechanisms involve silanolates that remain un-neutralized from the basic
catalyst and in the case of the ladder structure, pairs of silanolates that must operate in tandem with
either a concerted or synchronous “unzipping”. The curious and too-convenient assumption of the
presence of silanolates or pairs of silanolates that is made in their paper (living polymers) was
more than just an assumption, there was evidence for it in similar systems. That it is not possible
or at least not straight-forward to neutralize base-catalyzed silicone equilibrations and that
deliberate de-catalyzation is required for stability was recognized by these authors because it was
being studied in their group at that time.32,33
Two years after this publication, Brown et al.24 (also from GE) reported that the basecatalyzed equilibration of phenylsilanetriol condensation products formed a “one-dimensional
network (double chain polymer)” with cis-syndiotactic structure by a spontaneous stereoselective
process. This ladder-like linear network structure is shown in Figure 2.2 and labeled B. The authors
noted that molecular weight could be controlled by concentration (they used 5-30 wt% solvent, so
the solutions were highly concentrated) and that they observed no tendency for gelation even at
the highest concentrations. In the years subsequent to this report, Brown clearly must have had
doubts about this structural assignment and in 1965 published34 (without coauthors) what must be
considered a subtle retraction of this double chain ladder structure and stated, “In any case, the
structure of the high polymer formed upon complete condensation would appear to resemble a
string of beads (the beads being the polycyclic blocks) rather than the regular double chain (ladder)
obtained upon equilibration or the irregular, randomly connected network previously assumed.”
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The string of beads structure that Brown describes is different than that proposed by Sprung and
Guenther and is shown in Figure 2.2 and labelled C.
Figure 0.2 Structures of polymeric and oligomeric phenylsilsesquioxanes derived from the
condensation of phenylsilanetriol.

More than a decade after the 1960 Brown et al.24 publication, Frye and Klosowski (at Dow
Corning) published a paper35 with the pejorative title, “Concerning the So-Called “Ladder
Structure” of Equilibrated Polyphenylsilsequioxane” in which they report “observations that
compel us to reject outright the validity of the previous structural conclusions.” The paper neither
cites nor mentions Brown’s retraction and alternative structure,34 but points out that papers, patents
and text books that reference the initial report indicate widespread acceptance of the ladder
structure. This acceptance has continued for 6 decades36 and not one of Brown’s retraction,34
Frye’s and Klosowski’s observations35 that compelled outright rejection, or the seminal review23
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on polymeric silsequioxanes has weakened the perception that structure B in Figure 2.2 is
legitimate. This cis-syndiotactic structure, that might spontaneously form stereoselectively and
which the authors termed “reminiscent of that found in DNA,” has been a “shiny object” and can
be considered an example of what a previous GE researcher, Irving Langmuir, would call37
“pathological science.” Frye and Klosowski35 offer convincing evidence that discounts (compels
outright rejection) the ladder structure, but they do not provide alternative structures in their paper.
Alternative structures are drawn in Figure 2.2 and labeled D. Note that the tetracyclic octameric
unit (labeled C in Figure 2.2) suggested by Brown34 is favored, that even-numbered oligomers
(difunctional) form linear chains, and odd-numbered oligomers function as end groups
(monofunctional) or branch junctions (trifunctional). This already-complex structure is simplified
by neglecting the very small number of residual silanols and limiting possibilities to only 8- and
10-membered siloxane rings.
2.1.3 MT Copolymer
If four basic components of silicones are put into four vertices of a tetrahedron (Figure 2.3a),
the edges and faces of this tetrahedron will represent copolymers with corresponding compositions
on the vertices. The three vertices at the bottom face represent the corresponding homopolymers.
The edge of MT copolymers, an obvious isomeric class of silicones (Figure 2.3b), has been
neglected in the literature for reasons that are not apparent. Our interest in this isomer formed
during recent studies with MQ copolymers,38 when it became apparent that the MT system would
offer a much richer structural spectrum than can MQ. There is only one Q, that does not contain
an organic group, and a plethora of T’s that contain a range of alkyl, aryl and functional groups.
The fact that there are fewer commercially available D’s than either M’s or T’s39 indicates that the
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possibilities for MT copolymers prepared from commercially available monomers are nearly
limitless, and dwarf the number of possible materials based on D monomers.
Figure 0.3 Schematic illustration of a) four basic components of silicones, M, D, T and Q, in four
vertices of a tetrahedron and b) Structures of isomeric D- and MT-based linear methylsilicones.
The stoichiometry is balanced between two D units and one MT unit (with M:T ratio 1:1).
a)

b)

The synthesis of MT resins with various functionalities have been reported in the literature
and patents. Johnson et al. claimed a liquid silicone resin MTϕTN (phenyl and aminopropyl) used
in cosmetic formulations.40 MT resins with vinyl or hydride functionalities have been used as
precursors for addition-curable silicone resins.41,42,43 MT resins with carbinol, anhydride44 and
isocyanate45 functionalities were also reported. However, there is currently no literature discussing
the structures of those MT resins.
2.1.4 Objectives
With numerous possible combinations of MT copolymers, our initial studies of MT
copolymers were based on poly(phenylsilsesquioxane) pTϕ, which is noted for its exceptional
thermal stability. As a practical aspect of our research, phenyl silicones also exhibit higher
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refractive indices than alkylsilicones and can be tuned in composition to prepare resins as
precursors for transparent encapsulants with controllable optical properties. Trimethylsiloxy (M),
vinyldimethylsiloxy (MV) and hydridodimethylsiloxy (MH) are used as M components.
Another practical preparative goal in undertaking these studies was to prepare low viscosity
liquid resins that could be injection molded to form monolithic objects, printed to form 2D or 3D
shapes, or coated to form films or encapsulants, thus MH and MV were chosen to take advantage
of the well-developed and dominant platinum-catalyzed hydrosilylation curing chemistry, the
grandparent of “click chemistry.”
2.2 Experimental Section
2.2.1 Reagents
The following chemicals were purchased from Fisher Scientific (ACS grade): toluene, ethyl
acetate, methanol, concentrated sulfuric acid (18M), hydrochloric acid, sodium bicarbonate,
potassium hydroxide and magnesium sulfate. Dowanol® PMA-plus (propylene glycol methyl ether
acetate) and tetramethylammonium fluoride were purchased from Sigma-Aldrich (ACS grade).
Phenyltrimethoxysilane, hexamethyldisiloxane (M-M), divinyltetramethyldisiloxane (MV-MV),
tetramethyldisiloxane (MH-MH) and platinum-divinyltetramethyldisiloxane complex (2 wt% Pt in
xylene, low color) were obtained from Gelest Inc. All chemicals were used as received. Deionized
water was house purified by reverse osmosis, and was further purified with a Millipore Milli-Q
system (18.2 MΩ).
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2.2.2 Preparation of (Homo)poly(phenylsilsesquioxane) -pTϕ
In general, (homo)poly(phenylsilsesquioxane) - pTϕ was prepared from hydrolysis and
condensation of phenyltrimethoxysilanes with various catalysts reported, including base, acid, and
fluoride.23 In this research, potassium hydroxide KOH is used as basic catalyst, sulfuric acid H2SO4
as acidic catalyst, and tetramethylammonium fluoride (TMAF) as fluoride catalyst.
To prepare base-catalyzed pTϕ, a mixture of 1 equiv. phenyltrimethoxysilane, 2 equiv.
toluene and 11 equiv. H2O which is basified with 0.2 equiv. KOH was stirred and heated at reflux
for 16 hours. After cooling to room temperature and phase separation, the organic phase was
washed with water, 1 M aqueous HCl, water, aqueous saturated sodium bicarbonate, and water
(twice). After drying over magnesium sulfate, the toluene was removed by rotary evaporation to
yield base-catalyzed pTϕ as white powder. Acid-catalyzed pTϕ was prepared with a similar
procedure. A mixture of 1 equiv. phenyltrimethoxysilane, 2 equiv. ethyl acetate and 11 equiv. 0.9
M aqueous H2SO4 was stirred and heated at reflux for 4 hours. The organic phase was separated,
and washed with water, aqueous saturated sodium bicarbonate and water (twice). The solvent was
removed after drying to yield acid-catalyzed pTϕ. To prepare fluoride-catalyzed pTϕ, a mixture of
1 equiv. phenyltrimethoxysilane, 2 equiv. toluene, 11 equiv. water and 0.01 equiv. TMAF was
stirred and heated at reflux with an optimized reaction time of 9 hours. The polymers in the
separated organic phase were precipitated in cold methanol, filtered, and redissolved in toluene.
The toluene solution was washed with water (twice) and dried over magnesium sulfate. The
toluene was removed by rotary evaporation to yield fluoride-catalyzed pTϕ as a white powder.
ϕ

The preparation of base-catalyzed T27 is provided here as an example. In a 250mL one-neck
round-bottom flask fitted with a condenser, a mixture of 20 g phenyltrimethoxysilane (0.1 mol),
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20 g toluene (0.2 mol) and 20 g water (1.1 mol) containing 1 g potassium hydroxide (0.02 mol)
was stirred and heated at reflux for 16 hours in an oil bath equilibrated at 100 ℃. After cooling to
room temperature, the reaction mixture was transferred to a 250 mL separate funnel for phase
separation. The obtained organic phase was washed with water, 1 M aqueous HCl, aqueous
saturated sodium bicarbonate and water (twice). After drying over magnesium sulfate, the toluene
was removed by rotary evaporation. 8.36 g white solid powder was obtained with Mn of 3478
g/mol and Mw of 7054 g/mol (mass yield 64.9%).
We found out that acid-catalyzed pTϕ exhibited poor solubility in hydrocarbon solvents, such
as toluene. If toluene was used in the synthesis, white solids precipitated from the mixture during
reaction. Polar solvents, such as ethyl acetate, provided good solubility for acid-catalyzed pTϕ. The
reason behind this may result from the incomplete condensation under acidic catalysis. The
presence of uncondensed silanols in significant amount led to poor solubility in hydrocarbon
solvents. Base-catalyzed pTϕ with little presence of silanols were found to have high solubility in
hydrocarbon solvents (toluene) but limited solubility in polar solvents, such as methanol and ethyl
acetate.
2.2.3 Preparation of MTϕ Copolymers
The same procedure described in Section 3.2.2 pTϕ was applied on MTϕ copolymers with
addition of hexamethyldisiloxane (M-M) or divinyltetramethyldisiloxane (MV-MV) as endcapping agents in the desired M:T ratio in feed. The feed ratios reported here consider the
disiloxanes, M-M and MV-MV, as 2 equiv. The preparation of MTϕ and MVTϕ copolymers can be
carried out in basic or acidic catalysis, but MHTϕ copolymer can only be synthesized under acidic
conditions due to the hydrolysis of Si-H bond by hydroxide anions under basic condition. The
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hydrolysis and condensation of monomers was performed in round-bottom flasks. Base-catalyzed
MTϕ and MVTϕ copolymers were isolated mostly as white powders, except MVTϕ with MV:T feed
ratio of 1:1 as a viscous, sticky liquid. Photographs of a series of base-catalyzed MTϕ and MVTϕ
copolymers are shown in Figure 2.40 in Chapter 2.5 (appendix). Acid catalyzed MTϕ and MVTϕ
copolymers were isolated as transparent liquids, and the copolymers synthesized in toluene
gradually hardened to transparent solids that could be pulverized.
2.2.4 Characterization of pTϕ and MTϕ Copolymers
NMR

All 1H and 29Si NMR spectra were recorded on a Bruker Avance III HD 500MHz

spectrometer with the samples dissolved in deuterated chloroform CDCl3. In
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Si NMR,

chromium(III) acetylacetonate Cr(acac)3 was used as relaxation agent, and a Hahn pulse echo
program was used to minimize background signals from glass NMR tube. With persistent Q region
background signal observed, a 29Si NMR spectrum of a clean glass NMR tube was recorded as a
background baseline to be subtracted.
Gel Permeation Chromatography (GPC)

All GPC curves were recorded using an Agilent

1260 GPC equipped with two PLgel Mixed-C and one PLgel Mixed-D columns and a refractive
index detector. Tetrahydrofuran (THF) was the mobile phase with a flow rate of 1 mL/min. Linear
monodisperse poly(methylmethacrylate) (PMMA) standards were used to assign relative
molecular weights of copolymers with the assumption that the polymer had the same
hydrodynamic radii as PMMA at a given molecular weight.
Infrared Spectroscopy (IR)

All infrared spectra were recorded on a PerkinElmer Spectrum

100 FT-IR spectrometer in the ATR mode with a diamond ATR element. The scanning
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wavenumber range is from 550-4000 cm-1, with a scan number of 32 and resolution of 1 cm-1.
Baseline correction was performed for each spectrum.
Thermogravimetric Analysis (TGA)

All TGA curves were recorded on a TA Q80 TGA

instrument under a sample nitrogen flow of 60 mL/min. Temperature ramps were from 30 ⁰C to
900 ⁰C at a heating rate of 10 ⁰C/min. The temperature at which 2% mass loss was observed and
the residual mass percentage was used as indicators of thermal stability.
Softening/Melting Points

Softening/melting points were observed and recorded as videos

using a Stanford Research System MPA100 melting point apparatus. Powdered samples were
packed in melting point tubes and heated from room temperature to 400 ℃ at a heating rate of
10 ℃/min.
X-Ray Diffraction (XRD)

X-ray diffraction data of solid pTϕ was recorded on a PANalytical

X’Pert PRO XRD. Samples were mounted on a glass slide with aluminum frames. The scanning
angles range from 5º to 35º with a step size of 0.010º. Scanning time per step was set at 0.50 second.
2.2.4 Preparation and Characterization of Crosslinked Silicones
A mixture of reactive vinyl-containing polymer and hydride-containing polymer with known
weights was prepared, and a 1H NMR spectrum was recorded. Using the peak integral ratio of
hydride and vinyl protons, the weights of both vinyl polymer and hydride polymer were calculated
with hydride to vinyl group molar ratio of 1:1. The volume of platinum-divinyltetramethyldisiloxane complex (2 wt% Pt in xylene, low color) with known density was calculated according
to Pt concentration in the crosslinked silicone. The concentration used was generally 6 ppm. In
some cases, 3 ppm platinum concentration was needed for a slow and smooth crosslinking reaction.
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The TGA curves of crosslinked silicones were recorded using a TA Q80 TGA instrument under a
sample nitrogen flow of 60 mL/min. Temperature ramps were from 30 ⁰C to 900 ⁰C at a heating
rate of 10 ⁰C/min.
2.3 Results and Discussion
2.3.1 (Homo)poly(phenylsilsesquioxane) – pTϕ
(Homo)poly(phenylsilsesquioxane) - pTϕ can be prepared under the catalysis of base, acid, or
fluoride.23 Here we reported our preparation procedures and characterization data of pTϕ from
phenyltrimethoxysilane with three catalysts, potassium hydroxide (base), sulfuric acid (acid) and
tetramethylammonium fluoride. In the basic catalysis with potassium hydroxide, the preparative
procedures were modified from the Brown24 and Sprung and Guenther29 procedures. We settled
on toluene as a solvent, relatively high concentration base (compared with the literature) to control
(limit) molecular weight, and used conditions and reaction times that were optimized by trial and
error for reproducibility. In the acidic catalysis with sulfuric acid, ethyl acetate was used instead
of toluene due to solubility issues. White crystalline products would precipitate during the reaction
if toluene is used. With fluoride catalysis, an additional purification step was added to precipitate
the polymers from cold methanol. Three pTϕs were obtained. They are transparent solids or white
powders, soluble in multiple solvents, such as toluene, chloroform, hexane and dimethyl sulfide,
and are readily characterizable.
Base-catalyzed pTϕ is essentially the same material that was reported as “low-polymeric
product” by Sprung and Guenther.29 They discussed about the low silanol content (near absence)
of this material in their paper, and our results are in accord with their assessment. With only a T3
peak at δ -78 in the 29Si NMR spectrum (Figure 2.4a), our pTϕ does not have residual silanols.
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Infrared (Figure 2.4c) also supports this result by the absence of Si-OH adsorption at around 3500
cm-1. Gel permeation chromatography (GPC, Figure 2.4b) shows that broad molecular weight
distributions ranging from ~1,500 g/mol to ~40,000 g/mol are obtained. Thermal gravimetric
analysis (TGA, Figure 2.4d) indicates excellent thermal stability of pTϕ up to 400 ℃ at which 2
wt% of weight loss was observed. We also characterized this material using X-ray diffraction
(Figure 2.5). The material is poorly crystallized, which accords with Brown’s statement. We
Figure 0.4 a) 29Si NMR spectrum, b) GPC curve, c) infrared spectrum (with a magnified one from
4000 to 3000 cm-1), and d) TGA curve of base-catalyzed (homo)poly(phenylsilsesquioxane) pTϕ.
a)

b)

c)

d)
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Figure 0.5 X-ray diffraction spectrum of base-catalyzed (homo)poly(phenylsilsesquioxane) pTϕ.

observed two peaks in the XRD spectrum, one at 7.28º and one at 19.17º. Calculating the repeating
distance of these two peaks, 12.5 Å and 5.0 Å, is in accord with Brown’s description of mean
interchain spacing and of Si-O-Si bond length, respectively.
Acid-catalyzed pTϕ is also similar to the material reported by Sprung and Guenther29 with the
additional presence of silanols. The silanol content is confirmed by both the 29Si NMR spectrum
(Figure 2.6a) indicated by the T2 peak at δ -68, and the infrared spectrum (Figure 2.6c) by the
absorption band of Si-OH at around 3500 cm-1. GPC (Figure 2.6b) shows a relatively narrow
molecular weight distributions with abundant low molecular weight species from ~1,000 g/mol to
~9,000 g/mol. We further reflux acid-catalyzed pTϕ in the toluene/potassium hydroxide system,
and obtained a re-equilibrated pTϕ as white powder, and all residual silanols were condensed, both
confirmed by the 29Si NMR and infrared spectra (Figure 2.7a and Figure 2.7c). The re-equilirated
polymer is similar to base-catalyzed pTϕ with only a slightly higher molecular weight (Figure 2.7b).
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Figure 0.6 a) 29Si NMR spectrum, b) GPC curve and c) infrared spectrum (with a magnified one
from 4000 to 3000 cm-1) of acid-catalyzed (homo)poly(phenylsilsesquioxane) pTϕ.
b)

a)

c)
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Figure 0.7 a) 29Si NMR spectrum, b) GPC curve and c) IR spectrum (with a magnified one from
4000 to 3000 cm-1) of re-equilibrated pTϕ.
b)

a)

c)

Described by Brown, base-catalyzed pTϕ polymers did not melt upon heating, and are poorly
crystallized.24 We further recorded the behavior of three materials (up to 400 ℃), base-catalyzed,
acid-catlayzed and re-equilibrated pTϕ, upon heating using a video melting point determination
apparatus with a heating rate of 10 ℃/min. Figure 2.8 shows plots of optical transmission versus
temperature of the three materials. Selected frames at specific temperatures of videos are also
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shown. Base-catalyzed pTϕ (labeled in yellow) shows an optical change at around 250 ℃, but no
obvious melting below 400 ℃. Acid-catalyzed pTϕ (labeled in green) exhibits a melting point at
around 100℃. The noise in the optical transmission is due to bubbles of trapped gas and light
scattering/reflection. The existence of this apparent phase transition in the acid-catalyzed pTϕ
material may be due to the presence of certain crystalline molecules, some of which were separated
and reported by Sprung and Guenther29 with eight phenylsilsesquioxane units. Re-equilibrated pTϕ
(labeled in blue) also shows an optical change at around 300 ℃, but no obvious melting below
400 ℃.
Figure 0.8 Left: the optical transmission curve versus temperature with a heating rate of 10 ℃/min
of base-catalyzed (yellow), acid-catalyzed (green) and re-equilibrated pTϕ (blue). Right: selected
frames of videos at 50 ℃, 150 ℃ and 350 ℃.

We also obtained fluoride-catalyzed pTϕ material by using tetramethylammonium fluoride.
The use of a metal fluoride was reported in a Japanese patent23, but we are unaware of the specifics
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of this reaction. Apart from tetramethylammonium fluoride, we also tried potassium fluoride and
aluminum fluoride. Reaction kinetics were monitored by 29Si NMR for an optimized reaction rate.
Tetramethylammonium fluoride was the fastest. The pTϕ obtained has a slight presence of silanols,
indicated by both the T2 peak at δ -68 in the 29Si NMR spectrum and the absorption band at around
3500 cm-1 in the IR spectrum (Figure 2.9).
Figure 0.9 a) 29Si NMR spectrum and b) IR spectrum (with a magnified one from 4000 to 3000
cm-1) of fluoride-catalyzed pTϕ.
a)

b)

The effort we made here does not aim at pTϕ with high molecular weight and a ladder-like
structure, but at developing preparative procedures to use in the synthesis of MT copolymers. We
discovered that toluene/water/potassium hydroxide system provides complete hydrolysis and
condensation of monomers with no residual silanols, and that acidic catalysis results in incomplete
hydrolysis and condensation of monomers with significant amounts of silanol. Ladder structures
in rather high molecular weight oligomers have been prepared, but by heroic and arduous multistep
syntheses involving purification of intermediates.46 Thus indeed they are (at least kinetically)
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stable and no doubt exist as contributing structural components of the MT copolymers or as
intermediates in equilibrating systems. Figure 2.10 is drawn to show that the ladder and string-ofbeads structures can be considered tautomers that might easily equilibrate and likely do not differ
significantly energetically. Further structural discussion will be provided in the next section.
Figure 0.10 The interconversion of ladder and string-of-beads tautomers of pTϕ. Note that the
positions of the silicon atoms, indicated by the vertices, are not changed in the drawings and that
these are the same structures as those drawn in Figure 2.2 as B and C.

ladder
tautomer

string-of-beads
tautomer

2.3.2 Base-catalyzed MTϕ copolymers
MTϕ copolymers were prepared using similar procedures as pTϕ. Phenyltrimethoxysilane was
co-hydrolyzed and condensed under potassium hydroxide catalysis with hexamethyldisiloxane
(M-M) or divinyltetramethyldisiloxane (MV-MV) as chain-stoppers. Trimethylsilyl or vinyldimethylsilyl end groups are introduced to pTϕ and limit the molecular weight. Hydride-containing
copolymers (MHTϕ) cannot be prepared by this approach as hydridosilanes are readily hydrolyzed
in basic conditions. Catalyst concentration, M:T feed ratios, solvents, monomer concentrations,
reaction time and the time at which M-M was introduced to equilibrating Tϕ were varied. All
products obtained were transparent solids or extremely viscous resins at room temperature, and
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they are soluble in multiple solvents and readily characterizable. We note that these reactions are
complicated by the facts that they are run in an immiscible binary solvent system (toluene/water water is also a reagent), that the products of hydrolysis and condensation function as surfactants
that create emulsions, and that these surfactants evolve during reaction. The rates of these reactions
thus depend on stirring rate, reaction vessel geometry, ratios of solvents and reagents,
concentrations, and temperature in ways that were not carefully investigated.
A series of MTϕ copolymers was prepared by allowing phenyltrimethoxysilane and M-M to
co-hydrolyze and condense with M:T feed ratios of 0:1 (control pTϕ), 0.1:1, 0.3:1, 0.5:1 and 1:1.
These reactions were carried out in the toluene/water/KOH system described in Chapter 2.2.3 at
temperatures that were controlled by reflux (methanol is a product). All MTϕ copolymers were
white powders, and the picture of samples were shown in Figure 2.40a in Chapter 2.5 (appendix).
We note that during work-up procedures, significantly longer times were required for emulsions
containing MTϕ materials to separate than were necessary for pTϕ control reactions without M
present. The actual M:Tϕ ratios (Table 2.1) in the copolymers were determined from the relative
intensities of the M peak at δ ~11 and the T3 peak at δ ~-80 in the 29Si NMR spectra (Figure 2.11).
The presence of very small signals at δ ~-70 (barely above noise) is due to residual silanols that
are present in very low concentration. Infrared spectra of MTϕ copolymers (Figure 2.12) show
differences that reflect the feed ratio, but do not indicate the presence of silanols. The data indicate
that M:Tϕ feed ratios can be used to control, but not accurately predict the actual M:Tϕ ratios of
the products. Significantly less M is incorporated than is used as a reagent under these conditions.
GPC shows that increasing the M:Tϕ feed ratio lowers the molecular weight, as expected (Figure
2.13). TGA indicates that both the thermal stability of the materials and the mass of the residual
silicon/carbon/oxide ceramic residue decrease with increasing trimethylsilyl content (Figure 2.14).
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Table 0.1 The composition, molecular weights, and mass yields of base-catalyzed MTϕ
copolymers with M:Tϕ feed ratios of 0:1 (control pTϕ), 0.1:1, 0.3:1, 0.5:1 and 1:1.

a

M:Tϕ feed

Form

M:Tϕ actual a

Mn b

Mw b

Mw/Mn

Yield

1:1

Solid

0.25:1

2546

3260

1.28

77.1%

0.5:1

Solid

0.22:1

3760

6542

1.74

64.6%

0.3:1

Solid

0.15:1

3860

6844

1.77

81.7%

0.1:1

Solid

0.08:1

4063

7442

1.83

60.5%

0:1

Solid

0:1

3904

7544

1.93

59.4%

determined by the relative intensities of the M peak and the T3 peak in the 29Si-NMR spectra and

b

relative molecular weight with linear PMMA standards in THF.

Figure 0.11 29Si-NMR spectra of base-catalyzed MTϕ copolymers with M:Tϕ feed ratios of 0:1
(control pTϕ), 0.1:1, 0.3:1, 0.5:1 and 1:1.
M:Tϕ feed
1:1

0.5:1
0.3:1
0.1:1
0:1

43

Figure 0.12 Infrared spectra of base-catalyzed MTϕ copolymers with M:Tϕ feed ratios of 0:1
(control pTϕ), 0.1:1, 0.3:1, 0.5:1 and 1:1.
M:Tϕ feed
1:1
0.5:1
0.3:1
0.1:1
0:1

Figure 0.13 GPC curves of base-catalyzed MTϕ copolymers with M:Tϕ feed ratios of 0:1 (control
pTϕ), 0.1:1, 0.3:1, 0.5:1 and 1:1.

M:Tϕ feed
1:1
0.5:1
0.3:1
0.1:1
0:1
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Figure 0.14 TGA curves of base-catalyzed MTϕ copolymers with M:Tϕ feed ratios of 0:1 (control
pTϕ), 0.1:1, 0.3:1, 0.5:1 and 1:1.

M:Tϕ feed
0:1
0.1:1
0.3:1
0.5:1
1:1

Structures for the MTϕ copolymers that we report here with a range of M:Tϕ ratios are shown
below and the perspective of ladder polymers is not emphasized. The M units in MTϕ copolymers
will fragment these polycyclic structural elements, so that they will differ much less, particularly
at high M content where they will be structurally indistinguishable. Cyclotetrasiloxane units are
ϕ

favored in these structures as cyclo-T4 (OH)4 has been shown to be a prevalent intermediate in
phenylsilanetriol condensates both by Brown, who isolated the cis,cis,cis- derivative in ~50%
yield34 and Yagahashi et al.47,48 who studied the early stages of this condensation in detail, isolated
ϕ

all 4 diastereomers of cyclo-T4(OH)4, and demonstrated that they equilibrate with one another.
These structures are shown in Figure 2.2 and labeled E.
Based on the discussion above, representative chemical structures for components of these
transparent/white solid materials are drawn in Figure 2.15 and several issues concerning them
warrant comment. We view the structure of the control homopolymer, pTϕ, from the “string-of45

beads” perspective shown in Figure 2.2D which is in alignment with both Brown’s discussion34
and the facts that compelled Frye’s and Klosowski’s rejection35 of the ladder structure. This view
has the virtue of assigning the same (polycyclic) structural features to both oligomers and polymer
and is parallel with the lower dimensional mechanism of equilibration of (cyclic) dimethylsiloxane
oligomers (D4, D5, D6 ... Dn) and PDMS.6 We also use this string-of-beads perspective for the MTϕ
oligomer samples (Figure 2.15), all of which are of lower molecular weight than the homopolymer
and exhibit polydisperse molecular weight distributions as well as polydisperse M:Tϕ ratios. It is
axiomatic that the higher molecular weight components of samples contain lower M:Tϕ ratios.
These materials are essentially completely condensed/saturated siloxanes with very few
uncapped/unclosed end groups or side chain “defects” that would appear as T2 signals in the 29Si
NMR spectra due to residual silanols or methoxy groups. The concentrations of these defects are
Figure 0.15 Some representative structures of MTϕ oligomers.
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much lower than the M content values which indicates that most molecules do not contain a defect.
ϕ
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Three different structures for M4T14 are drawn, one with T8 and T6 beads, one with two T7 beads,
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and one with a ladder structure. The parentheses and quotes are used to indicate that we question
the importance of ladder-structured molecules as components of these materials. All three of these
ϕ

structures are hexacyclic, which is a topological requirement for fully condensed M4T14.
ϕ

These MXTY materials are mixtures of a wide variety of polycyclic oligomeric molecules with
distributions of molecular weight, M:Tϕ ratio and molecular topology that if separated and isolated
as pure substances would most certainly be crystalline. As mixtures they appear and behave as
solid waxes at room temperature that “soften” at mutually depressed melting points. These
softening temperatures show a significant dependence on the M:Tϕ ratio. Figure 2.16 shows plots
of optical absorbance versus temperature for four MTϕ oligomer samples and the control pTϕ
polymer that were recorded using a video melting point determination apparatus. The samples
shown in this figure are the same as those that are described from Figure 2.11 to Figure 2.14 and
are color-coded identically. Selected frames (at specific temperatures) of videos of melting point
determinations are shown to emphasize the dependence of softening temperature on M:Tϕ ratio.
The noise in the optical absorbance data is due to bubbles of trapped gases and light
scattering/reflection. The TGA data (Figure 2.14) indicate that mass loss is not associated with
these phase transitions or visual changes.
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Figure 0.16 Left: the light transmission curve over temperature with a heating rate of 10 ℃/min
for MTϕ oligomer samples and a pTϕ control sample prepared using basic catalysis. Right: the
selected frames of melting point determinations at 50 ℃, 120 ℃, 190 ℃, 200 ℃, and 320 ℃.

A similar series of vinyl-functional copolymers, MVTϕ, was prepared using the same
hydrolysis/condensation procedure with divinyltetramethyldisiloxane (MV–MV) as the M
comonomer source. Data for these vinyl-functional copolymers that are analogous to the nonfunctional copolymers just discussed are shown in Table 2.2 and from Figure 2.17 to Figure 2.21.
The actual MV:Tϕ ratios in these materials are slightly higher than those observed in the MTϕ
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copolymers, and molecular weights for these oligomers are correspondingly lower (Table 2.2 compare with Table 2.1). Silanols are present (small signals at δ ~-70 in Figure 2.17) in very low
concentration - much lower than the M content, and are not detectable in infrared spectra (Figure
2.18), indicating that, like the MTϕ system, the MVTϕ copolymer samples are almost completely
condensed. Infrared spectra also show differences that reflect the feed ratio (vinyl band at around
1400 cm-1). Both molecular weight (Figure 2.19) and vinyl content can be controlled, but not
independently. The thermal stability of the vinyl-containing copolymers differs from that of the
MTϕ system with decomposition occurring at lower temperatures in two stages and yielding a
greater mass of ceramic char (Figure 2.20).
Table 0.2 The composition, molecular weights, and mass yields of base-catalyzed MVTϕ
copolymers.

a

MV:Tϕ feed

Form

MV:Tϕ actual a

Mn b

Mw b

Mw/Mn

Yield

1:1

Liquid

0.34:1

1073

1323

1.23

59%

0.5:1

Solid

0.20:1

1226

1607

1.32

54%

0.3:1

Solid

0.16:1

1272

1708

1.34

59%

0.1:1

Solid

0.08:1

1498

2245

1.50

64%

0:1

Solid

0:1

3904

7544

1.93

59%

determined by the relative intensities of the M peak and the T3 peak in the 29Si-NMR spectra and

b

relative molecular weight with linear PMMA standards in THF.
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Figure 0.17 29Si-NMR spectra of base-catalyzed MVTϕ copolymers with MV:Tϕ feed ratios of 0:1
(control pTϕ), 0.1:1, 0.3:1, 0.5:1 and 1:1.

MV:Tϕ feed
1:1
0.5:1
0.3:1
0.1:1
0:1

Figure 0.18 Infrared spectrum of base-catalyzed MVTϕ copolymers with MV:Tϕ feed ratios of 0:1
(control pTϕ), 0.1:1, 0.3:1, 0.5:1 and 1:1.
MV:Tϕ feed
1:1
0.5:1
0.3:1
0.1:1
0:1
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Figure 0.19 GPC curves of base-catalyzed MVTϕ copolymers with MV:Tϕ feed ratios of 0:1
(control pTϕ), 0.1:1, 0.3:1, 0.5:1 and 1:1.

MV:Tϕ feed
1:1
0.5:1
0.3:1
0.1:1
0:1

Figure 0.20 TGA curves of base-catalyzed MVTϕ copolymers with MV:Tϕ feed ratios of 0:1
(control pTϕ), 0.1:1, 0.3:1, 0.5:1 and 1:1.

MV:Tϕ feed
0:1
0.1:1
0.3:1
0.5:1
1:1
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Figure 0.21 Left: optical transmission curves versus temperature with a heating rate of 10 ℃/min
for MVTϕ copolymer samples and a pTϕ control sample prepared using base catalysis. Right: the
selected frames of melting point determinations at 50 ℃, 90 ℃, 130 ℃, and 200 ℃.

Compared with their trimethylsilyl counterparts, these MVTϕ materials behave as lower
melting waxes and are isolated as transparent “glasses” after toluene removal at reduced pressure.
This was the case as well for the MTϕ (trimethylsilyl) sample prepared with a 1:1 feed ratio
discussed above. MVTϕ materials prepared with MV:Tϕ feed ratios of 0.1:1, 0.3:1 and 0.5:1 could
be crushed into the white solids shown in capillary tubes in Figure 2.21. The MVTϕ prepared with
an MV:Tϕ ratio of 1:1 was a sticky highly viscous semi-solid (the softening point of this “wax” is
below room temperature). Photographs of MVTϕ samples after isolation are shown in Figure 2.40b
in Chapter 2.5 (appendix). The centers of the softening temperature ranges (Figure 2.21) for these
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MVTϕ samples range from ~75 to ~100 to ~150 °C for the 0.5:1, 0.3:1 and 0.1:1 M:T feed ratios,
respectively. Representative structures of MVTϕ samples are drawn in Figure 2.22, with the same
MV:Tϕ ratios as the actual MV:Tϕ ratios (Table 2.2).
Figure 0.22 Some representative structures of MVTϕ samples.
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We report here the preparation of MVTϕ copolymers with vinyl functionality. Silicones with
hydride functionality were reacted with MVTϕ copolymers with a vinyl group to hydride group
ratio of 1:1 under the catalysis of platinum. The platinum concentration was usually 6 ppm. The
H

preparation details are described in Chapter 2.2.4. Tetramethyltetracyclosiloxane (D4 ) was reacted
with MVTϕ copolymers to prepare transparent films, solid inks and/or objects (Figure 2.23a). A
series of MHTR copolymers were prepared, R of which are methyl, n-propyl, isobutyl and phenyl
groups, with acid catalysis discussed below. These MHTR copolymers were also reacted with MVTϕ
copolymers. Similar transparent films, solid inks and/or objects were obtained (Figure 2.23b).
However, since MVTϕ copolymers are solids, solvents are needed to dissolve solid resins, and the
evaporation of solvents during curing procedure results in significant shrinkage in the volume of
the cured silicones. This shrinkage sometimes results in symmetric break of the object (Figure
2.23b, most right). Therefore, an important preparative goal is to prepare liquid resins. This
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objective of liquid reactive MT copolymers was not reached using basic catalysis and this approach
was ultimately discontinued based on the results shown above as well as successes with acid
catalysis discussed below.
Figure 0.23 Transparent silicone objects prepared from base-catalyzed MVTϕ copolymers and a)
H

tetramethyl-tetracyclosiloxane (D4 ) , or b) MHTR copolymers (prepared from acid catalysis
discussed below) with R of (from left to right) methyl, n-propyl, isobutyl and phenyl groups. All
objects were reacted under platinum catalysis with vinyl group to hydride group ratio of 1:1.

2.3.3 Acid-catalyzed MT Copolymers
Phenyltrimethoxysilane was again used as the Tϕ monomer and hexamethyldisiloxane (M–
M), divinyltetramethyldisiloxane (MV–MV) and tetramethyldisiloxane (MH–MH) were used as
chain-stoppers to introduce trimethylsilyl, vinyldimethylsilyl or hydridodimethylsilyl end groups
and limit the molecular weight of pTϕ. Sulfuric acid was used as catalyst and its concentration,
M:Tϕ feed ratios, solvents, monomer concentrations and reaction time were varied and their effects
on product structure were determined. One of these sets of conditions was identical to the basecatalyzed water/toluene preparation discussed above, except that sulfuric acid was used instead of
potassium hydroxide, and products prepared from these reactions were analyzed in some detail.
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The reactions and work up conditions mirrored those of the base-catalyzed reactions except that
all of the products were liquids which would be applicable to our target application goals.
A series of samples of MTϕ was prepared with toluene as a solvent and acid catalysis. The
M:Tϕ ratios were 0:1 (control, pTϕ), 0.1:1, 0.3:1, 0.5:1, 0.7:1 and 1:1. The acid-catalyzed MTϕ
copolymers are arranged for comparison with the base-catalyzed data of MTϕ and MVTϕ
copolymers. There are similarities, but multiple and significant differences. The isolated yields are
higher (Table 2.3) and this is likely due to multiple factors that we did not investigate in detail and
were not particularly interesting, including the relative ease of work up (less needed to be
discarded). The M:Tϕ ratios (determined from 29Si NMR - Figure 2.24) of these samples are greater
than those prepared with base catalysis at all feed ratios and, conspicuously, a majority of the Tϕ
units are T2 indicating the presence of silanols. Infrared spectra (Figure 2.25) show differences that
reflect the feed ratio, and also indicate the presence of silanols in significant amount at around
3500 cm-1. GPC shows again that increasing the M:Tϕ feed ratio lowers the molecular weight, as
expected (Figure 2.26), and that acid-catalyzed MTϕ copolymers have lower molecular weights
compared to those prepared with base catalysis at all feed ratios, which is in accord with the M:T
ratios. TGA (Figure 2.27) indicates that both the thermal stability of the materials and the mass of
the residual silicon/carbon/oxide ceramic residue decrease with increasing trimethylsilyl content,
and that acid catalysis produce copolymers that are less thermally stable than those that prepared
using base catalysis. These materials are all clear liquids (except the control, acid-catalyzed pTϕ)
and are stable for days/weeks in closed containers at room temperature. The viscosities of these
freshly made materials decrease with increasing the M:Tϕ feed ratio, as expected. However, no
viscosity data was measured, since further condensation occurs slowly and all liquid copolymers
become more viscous and turn into transparent solids over months.
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Table 0.3 The composition, molecular weights, and mass yields of acid-catalyzed MTϕ
copolymers above.

a

M:Tϕ feed

Form

M:Tϕ actual a

T2:T3 b

Mn c

Mw c

Mw/Mn

Yield

1:1

Liquid

0.48:1

0.54:0.46

1480

1651

1.11

96%

0.7:1

Liquid

0.44:1

0.58:0.42

1507

1678

1.11

93%

0.5:1

Liquid

0.39:1

0.58:0.42

1506

1728

1.15

91%

0.3:1

Liquid

0.24:1

0.59:0.41

1613

1938

1.20

93%

0.1:1

Liquid

0.11:1

0.61:0.39

1713

2087

1.22

96%

0:1

Solid

0:1

0.52:0.48

3904

7544

1.93

59%

determined by the relative peak intensities of the M peak and the T peaks, bdetermined by the

relative peak intensities of the T2 peak and the T3 peak in the

29

Si-NMR spectra and crelative

molecular weight with linear PMMA standards in THF
Representative chemical structures of these acid-catalyzed MTϕ copolymers are drawn in
Figure 2.28. We view these structures come from the same perspective of the base-catalyzed
homopolymer, pTϕ, with the “string-of-beads” perspective. However, unlike the base-catalyzed
MTϕ copolymers with completely condensed/saturated siloxanes with very few end-groups, these
acid-catalyzed MTϕ copolymers from toluene have both more end-groups and significant silanols.
The silanols are due to the uncondensed/unclosed groups, and are viewed as “defects” in the
polycyclic structures. They “open up” the polycyclic structures, leaving only the connected single
cyclic units, cyclotetrasiloxane, with uncondensed silanols or end-capped with M units.
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Figure 0.24 29Si NMR spectra of acid-catalyzed MTϕ copolymers with toluene as a solvent and
M:Tϕ feed ratios of 0:1 (control pTϕ), 0.1:1, 0.3:1, 0.5:1, 0.7:1 and 1:1.

Figure 0.25 Infrared spectra of acid-catalyzed MTϕ copolymers with toluene as a solvent and M:Tϕ
feed ratios of 0:1 (control pTϕ), 0.1:1, 0.3:1, 0.5:1, 0.7:1 and 1:1.

57

Figure 0.26 GPC curves of acid-catalyzed MTϕ copolymers with toluene as a solvent and M:Tϕ
feed ratios of 0:1 (control pTϕ), 0.1:1, 0.3:1, 0.5:1, 0.7:1 and 1:1.

Figure 0.27 TGA curves of acid-catalyzed MTϕ copolymers with toluene as a solvent and M:Tϕ
feed ratios of 0:1 (control pTϕ), 0.1:1, 0.3:1, 0.5:1, 0.7:1 and 1:1.
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Figure 0.28 Some representative structures of acid-catalyzed MTϕ copolymers prepared with a
solvent of toluene with various M:Tϕ feed ratio.
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Acid-catalyzed reactions were also carried out in two other solvent systems, ethyl acetate (EA)
and propylene glycol methyl ether acetate (PGMEA, Dowanol PMA-plus). These MTϕ copolymers
were prepared with M:Tϕ feed ratios of 1:1 (Table 2.4), and were compared with MTϕ copolymer
prepared from toluene with the same M:Tϕ feed ratio. Surprisingly, solvents in the preparative
procedures have a significant impact on the resulting copolymers in terms of actual M:Tϕ ratio,
silanol content, molecular weight and thermal behavior. It was found that the M:Tϕ ratios
(determined from
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Si NMR - Figure 2.29) of copolymers prepared from EA and PGMEA are

greater than the one prepared from toluene, and they contain significantly fewer residual silanols
than those prepared using toluene. Infrared spectra (Figure 2.30) show differences that reflect the
amount of silanols contents at around 3500 cm-1. GPC (Figure 2.31) shows that the increased M:Tϕ
ratio in the copolymer lowers the molecular weight, as expected, and that the copolymers from EA
and PGMEA have much lower molecular weights than those from toluene. TGA indicates that the
thermal stabilities are lower in the copolymers prepared from EA and PGMEA compared to that
from toluene (Figure 2.32). The mass of the residual silicon/carbon/oxide ceramic residue in the

59

copolymers prepared from EA and PGMEA is almost zero. All molecules can be “distilled” at a
temperature over 300 ℃.
Table 0.4 The composition, molecular weights, and mass yields of acid-catalyzed MTϕ
copolymers with a M:T feed ratio of 1:1 made from toluene, EA and PGMEA.

a

Solvent

Form

M:Tϕ actual a

T2:T3 b

Mn c

Mw c

Mw/Mn

Yield

Toluene

Liquid

0.48:1

0.54:0.46

1562

1787

1.14

96%

EA

Liquid

0.84:1

0.29:0.71

1430

1537

1.07

83%

PGMEA

Liquid

0.82:1

0.23:0.77

1395

1473

1.05

89%

determined by the relative intensities of the M peak and the T peaks, bdetermined by the relative

intensities of the T2 peak and the T3 peak in the 29Si-NMR spectra and crelative molecular weight
with linear PMMA standards in THF
Figure 0.29 29Si NMR spectra of acid-catalyzed MTϕ copolymers with a M:Tϕ feed ratio of 1:1
made from toluene (labeled in green), EA (labeld in blue) and PGMEA (labeled in black).
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Figure 0.30 Infrared spectra of acid-catalyzed MTϕ copolymers with a M:Tϕ feed ratio of 1:1 made
from toluene (labeled in green), EA (labeld in blue) and PGMEA (labeled in black).

Figure 0.31 GPC curves of acid-catalyzed MTϕ copolymers with a M:Tϕ feed ratio of 1:1 made
from toluene (labeled in green), EA (labeld in blue) and PGMEA (labeled in black).
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Figure 0.32 TGA curves of acid-catalyzed MTϕ copolymers with a M:Tϕ feed ratio of 1:1 made
from toluene (labeled in green), EA (labeld in blue) and PGMEA (labeled in black).

One representative chemical structure of the MTϕ copolymer from EA is drawn in Figure 2.33.
The presence of only one cyclic structure of cyclotetrasiloxane indicates that the copolymer is
mainly consist of oligomers of low molecular weights, and that also explains the low viscosity of
the material. Although the two copolymers from EA and PGMEA have much lower viscosities
than that from toluene, they are stable at room temperature for years without further silanol
condensation (no viscosity change). Ethyl acetate proved to be most convenient, in particular
because the emulsions noted above which occur using toluene are nearly absent with ethyl acetate.
Figure 0.33 Representative chemical structure of the MTϕ copolymer from EA with a M:T feed
ratio of 1:1.
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The influence of reagent concentrations was also studied in the acid-catalyzed systems with
toluene. The characterization data is listed in the Chapter 2.5 (appendix). It turns out that reagent
concentrations have only slight effects on the M:Tϕ ratios in the copolymers as well as the residual
silicon/carbon/oxide ceramic residue. However, the structures and silanol contents are not
influenced by reagent concentrations.
With our preparative goal of reactive liquid silicone resins, the acid-catalyzed system delivers
the desired silicone resins with all copolymers as clear liquids. The M:Tϕ feed ratios can be used
to control, though not accurately predict the actual M:Tϕ ratios of the products, and the solvent
systems can be used to control the silanol contents of the products as well as the viscosities.
2.3.4 Reactive MT Copolymers to Crosslinked Silicones
Three reactive MVTϕ copolymers (Table 2.5) with vinyl functionality were prepared using
base catalysis in toluene and acid catalysis in both toluene and ethyl acetate (EA). An MV:Tϕ feed
ratio of 1:1 was used in all three copolymerizations. Similar to the non-functional MTϕ system, the
MV:Tϕ ratio (determined from 29Si NMR - Figure 2.34) is higher in the acid catalysis system. Acidcatalyzed MVTϕ copolymers prepared from EA have higher MV:Tϕ ratio than the one prepared from
toluene and lower residual silanol content, while base-catalyzed MVTϕ copolymer has almost no
silanol content. Infrared spectra (Figure 2.35) indicate differences that reflect the silanol content
at around 3500 cm-1. GPC (Figure 2.36) shows that the molecular weight is correlated to the MV:Tϕ
ratio, as expected. TGA indicates that the thermal stability and the mass of the residual
silicon/carbon/oxide ceramic residue are lower in the copolymers and are similar to that observed
for base-catalyzed MVTϕ and acid-catalyzed MVTϕ from toluene (Figure 2.37). Acid-catalyzed
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MVTϕ from EA has low thermal stability but not the zero mass of the residual silicon/carbon/oxide
ceramic residue as observed with MTϕ.
Table 0.5 The composition, molecular weights, and mass yields of the three MVTϕ copolymers
prepared using base catalysis in toluene and acid catalysis in both toluene and ethyl acetate (EA).

a

Catalyst

Solvent

Form

MV:Tϕ actual a

T2:T3 b

Mn c

Mw c

Mw/Mn

Yield

Acid

Toluene

Liquid

0.33:1

0.58:0.42

1606

1937

1.20

92%

Acid

EA

Liquid

0.92:1

0.35:0.65

1340

1431

1.07

86%

Base

Toluene

Solid

0.19:1

0:1

2555

3830

1.50

85%

determined by the relative intensities of the MV peak and the T peaks, bdetermined by the relative

intensities of the T2 peak and T3 peak in the 29Si-NMR spectra, and crelative molecular weight with
linear PMMA standards in THF.
Figure 0.34

29

Si-NMR spectra of the three MVTϕ copolymers prepared using base catalysis in

toluene (black) and acid catalysis in both toluene (blue) and ethyl acetate (EA, green).
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Figure 0.35 Infrared spectra of the three MVTϕ copolymers prepared using base catalysis in toluene
(black) and acid catalysis in both toluene (blue) and ethyl acetate (EA, green), with a magnified
spectra from 4000 to 3000 cm-1 using the same color code.

Figure 0.36 GPC curves of the three MVTϕ copolymers prepared using base catalysis in toluene
(black) and acid catalysis in both toluene (blue) and ethyl acetate (EA, green).
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Figure 0.37 TGA curves of the three MVTϕ copolymers prepared using base catalysis in toluene
(black) and acid catalysis in both toluene (blue) and ethyl acetate (EA, green).

The goal of this research was to take advantage of the well-developed platinum-catalyzed
hydrosilylation reaction, and react liquid silicone precursors with vinyl (MV) and hydride (MH)
functionalities to form crosslinked silicones. The hydride precursor was MHTϕ synthesized using
acid catalysis in ethyl acetate with a MH:Tϕ feed ratio of 1:1. This copolymer is a clear liquid with
an actual MH:Tϕ ratio of 0.65:1. The vinyl precursors were the three MVTϕ prepared using base
catalysis in toluene and acid catalysis in both toluene and ethyl acetate. The masses of vinyl and
hydride precursors were calculated based on 1H NMR spectra to ensure vinyl and hydride ratios
of 1:1. Platinum concentration was calculated according to the overall mass of silicones to be 6
ppm. However, base-catalyzed MVTϕ is a solid, which needs to be dissolved in a solvent (toluene)
to function as a liquid precursor. Due to the evaporation of solvent during crosslinking, the volume
of silicone shrinks. There is no apparent shrinkage or expansion of volume during crosslinking in
the case of MVTϕ prepared using acid catalysis in either toluene or ethyl acetate.
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The liquid silicone precursors could be injection molded to form monolithic objects. Figure
2.38a shows a transparent object that was crosslinked from MVTϕ prepared using base catalysis in
toluene and MHTϕ. (This object is also shown in Figure 2.23b.) The object broke symmetrically
due to the volume shrinkage. Figure 2.38b shows a transparent object crosslinked from MVTϕ
prepared using acid catalysis in ethyl acetate and MHTϕ. The two monolithic objects are both hard.
The liquid precursors could also be coated to form films. Two films were prepared using MVTϕ by
acid catalysis in both toluene and ethyl acetate and MHTϕ. Surprisingly, the films are both flexible
and can be bent. The film prepared with MVTϕ by acid catalysis in toluene (Figure 2.38c) has
higher flexibility towards bending than that prepared with MVTϕ by acid catalysis in ethyl acetate
(Figure 2.38d).
Figure 0.38 Top: transparent monolithic objects crosslinked from MHTϕ and a) MVTϕ by base
catalysis in toluene, or b) MVTϕ by acid catalysis in ethyl acetate. Bottom: transparent films
crosslinked from MHTϕ and MVTϕ by acid catalysis in a) toluene or b) ethyl acetate. All crosslinked
silicones have vinyl to hydride ratio of 1:1.
a)

b)

c)

d)
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TGA (Figure 2.39) shows that all MTϕ silicones have similar thermal stability up to 300 ⁰C
at which 2% weight loss was observed, and similar mass of the residual silicon/carbon/oxide
ceramic residue. With our practical goal of preparing low viscosity liquid resins that could be
injection molded to form monolithic objects, printed to form 2D or 3D shapes, or coated to form
films or encapsulants, MVTϕ copolymers with acid catalysis in ethyl acetate are more suitable than
those prepared with base catalysis or acid-catalysis in toluene.
Figure 0.39 TGA curves of crosslinked MTϕ silicones with vinyl to hydride ratio of 1:1. Vinyl
silicones were MVTϕ prepared with a MV:Tϕ feed ratio of 1:1 using base catalysis in toluene (labled
in black) and acid catalysis in both toluene (labled in blue) and ethyl acetate (EA, labeled in green).
Hydride silicone was MHTϕ prepared using acid catalysis in ethyl acetate.

2.4 Conclusions
We reported our studies on the MTϕ copolymers based on phenylsilsesquioxane (Tϕ), which
was chosen for several reasons including that base-catalyzed poly(phenylsilsesquioxane) is the
most studied polysilsesquixoane due to its excellent thermal stability. Comments on the chemical
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structures of this homopolymer (pTϕ) are made due to the fallacy in the prevailing understanding
of this polymer. Preparative procedures of the reported base-catalyzed pTϕ were modified with the
addition of hexamethyldisiloxane (M-M), divinyltetramethyldisiloxane (MV-MV) as chainstoppers that introduce trimethylsilyl (M) or vinyldimethylsilyl (MV) end groups. Transparent
solids were obtained as MTϕ and MVTϕ copolymers of which the M:Tϕ ratio can be controlled over
the feed ratio. The MTϕ and MVTϕ copolymers are fully condensed/end-capped with almost no
silanol content, the chemical structures of which are discussed from the “string-of-beads”
perspective reported by Brown in 1965. However, the objective of this research is to develop low
viscosity liquid silicone resins with vinyl/hydride functionality as reactive precursors, and is not
reached using basic catalysis. The preparative procedures of MVTϕ copolymers with acid catalysis
were developed based on the base catalysis, with sulfuric acid as catalyst instead of potassium
hydroxide. Clear liquid silicone resins were obtained with silanol contents controlled by the
solvent of either toluene or ethyl acetate. The M:Tϕ ratio also can be controlled using the feed ratio.
Ethyl acetate yields a stable, liquid MVTϕ copolymer with less silanol content and less viscosity
compared to toluene, and is chosen as ideal liquid resins. With the hydrosilylation between vinyl
and hydride components under the catalysis of platinum, crosslinked silicones were obtained as
transparent, hard objects with excellent thermal stability These low viscosity liquid resins as
precursors can also be injection molded to form monolithic objects, printed to form 2D or 3D
shapes, or coated to form films or encapsulants.

69

2.5 Appendix
Figure 0.40 Photographs of series of base-catalyzed a) MTϕ with M:Tϕ feed ratio of (from left to
right) 0.1:1, 0.3:1, 0.5:1 and 1:1, and b) MVTϕ copolymers with MV:Tϕ feed ratio of (from left to
right) 0.1:1, 0.3:1, 0.5:1, 0.7:1 and 1:1.
a)

b)

70

The characterization data of acid-catalyzed MTϕ copolymers prepared in toluene and different
reagent concentrations are listed below. The concentration was controlled by the equivalent of
toluene used. 1, 2 and 4 equiv. toluene were used. It turns out that reagent concentrations have
only a slight effect on the M:Tϕ ratios in the copolymers as well as the residual silicon/carbon/oxide
ceramic residue. However, the structures and silanol contents are not influenced by reagent
concentrations.
Figure 0.41 29Si NMR spectra of acid-catalyzed MTϕ copolymers with 1, 2 and 4 equiv. toluene
and a M:Tϕ feed ratio of 1:1.
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Figure 0.42 Infrared spectra of acid-catalyzed MTϕ copolymers with 1, 2 and 4 equiv. toluene and
a M:Tϕ feed ratio of 1:1.

Figure 0.43 GPC curves of acid-catalyzed MTϕ copolymers with 1, 2 and 4 equiv. toluene and a
M:Tϕ feed ratio of 1:1.
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Figure 0.44 TGA curves of acid-catalyzed MTϕ copolymers with 1, 2 and 4 equiv. toluene and a
M:Tϕ feed ratio of 1:1.

Table 0.6 The composition, molecular weights, and mass yields of acid-catalyzed MTϕ
copolymers with 1, 2 and 4 equiv. toluene and a M:Tϕ feed ratio of 1:1.

a

Toluene

Form

M:Tϕ actual a

T2:T3 b

Mn c

Mw c

Mw/Mn

Yield

1 equiv.

Liquid

0.61:1

0.51:0.49

1521

1798

1.18

91%

2 equiv.

Liquid

0.48:1

0.54:0.46

1562

1787

1.114

96%

4 equiv.

Liquid

0.32:1

0.55:0.45

1527

1766

1.16

97%

determined by the relative intensities of the M peak and the T peaks, bdetermined by the relative

intensities of the T2 peak and the T3 peak in the 29Si-NMR spectra, and crelative molecular weight
with linear PMMA standards in THF
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CHAPTER 3
TITRATING D COMPOSITION INTO MT SILICONES
3.1 Introduction
Linear siloxane chains of D composition, such as poly(dimethylsiloxane) (PDMS), exhibit
great flexibility due to the unique nature of the Si-O-Si bond. The large atomic radius of silicon
atom results in high bond lengths of Si-O (1.62 Å) and Si-C bonds (1.90 Å).1 The electronegativity
𝜒 difference (Pauling scale) of silicon (𝜒 1.9 ) and oxygen (𝜒 3.4) is much larger than that of carbon
(𝜒 2.5) and oxygen.2 It results in the 51% ionic nature of Si-O bond, leading to a less directional
bond angle. The siloxane bonds have an average bond angle of 112⁰ (O-Si-O) and 145⁰-150⁰ (SiO-Si).3 These parameters result in a flexible polymer chain, so flexible that it can readily pass
through the linear 180⁰ state.4 In addition, the individual methyl groups have large freedom to
swing and rotate around silicon atoms. There is nearly zero energy barrier for siloxane chain
rotation.
The MT silicone platform described in Chapter 2 utilizes reactive MT copolymers with
hydride and vinyl functionalities as liquid precursors. Further reaction between hydride and vinyl
groups (hydrosilylation) crosslinks liquid precursors into hard, transparent solid silicones under
the catalysis of trace amounts platinum. The reactive MT copolymers with polycyclic structures
exhibit chain rigidity, and a highly crosslinked network brings more confinement to the system.
This results in elastomeric behavior of the MT silicones similar to rubber with high modulus. The
main objective of the research described in this chapter is to control the modulus of the silicone
materials. There are several strategies proposed to achieve this goal. The first one is to control the
crosslink density. The elastic modulus of rubber is known to be proportional to the crosslink
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density,5 so it is possible to control the modulus of MT silicone through crosslink density. The
other method lies in the isomeric relationship between MT copolymer and D polymer (Figure 3.1).
With no change in the chemical composition of the silicone material, selectively titrating D
composition into MT silicone may bring flexibility into this crosslinked network, resulting in more
flexible materials. Two approaches to titrate D composition were taken: (1) adding chain flexibility
that comes from linear siloxane chains to the network, and (2) titrating the flexibility of the D unit
into the precursors. The titration of D composition also provides us more insight into the
relationship between network chemical structure and the mechanical properties of the material.
Figure 0.1 Structures of isomeric structure of D- and MT-based linear methylsilicones. The
stoichiometry is balanced between two D units and one MT unit (with M:T ratio 1:1).

3.2 Experimental Section
3.2.1 Reagents
The following chemicals were purchased from Gelest Inc.: methyltrimethoxysilane,
vinyltrimethoxysilane, hexamethyldisiloxane, divinyltetramethyldisiloxane, dimethyldimethoxysilane, vinylmethyldimethoxysilane, tetramethyldisiloxane, and platinum-divinyltetramethyldisiloxane complex (Karstedt’s catalyst) in xylene (low color). ACS grade ethyl acetate,
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concentrated sulfuric acid, sodium bicarbonate, and magnesium sulfate were purchased from
Fisher Scientific. PTFE release agent / dry lubricant (model MS-122AD) was purchased from
Miller Stephenson. All chemicals were used as received. House purified water (reverse osmosis)
was further purified with a Millipore Milli-Q system with a resistance of 18.2 MΩ.
3.2.2 Reactive MT/MDT Copolymer Preparation
In general, MT copolymers were prepared by hydrolysis and condensation of T monomers,
methyltrimethoxysilane, under acidic catalysis, followed with end-capping by M monomers,
hexamethyldisiloxane (M-M), divinyltetramethyldisiloxane (MV-MV), or tetramethyldisiloxane
(MH-MH). An M to T feed ratio of 1:1 indicates that 0.5 equiv. M monomer (M-M) was used with
1 equiv. T monomer.
In general, MDT copolymers were prepared from hydrolysis and co-condensation of D and
T monomer, dimethyldimethoxysilane (or vinylmethyldimethoxysilane, DV) and methyltrimethoxysilane (or vinyltrimethoxysilane, TV), under acidic catalysis, followed with end-capping
by M monomer, M-M or MV-MV. A D to T feed ratio of 1:1 indicates that 1 equiv. D monomer
was used with 1 equiv. T monomer.
The hydrolysis and condensation of monomers was performed in a round-bottom flask. A
mixture of 1 equiv. monomer (D or T) and 5.5 equiv. house purified water was refluxed at 100 ℃
for three hours. A mixture of 0.5 equiv. M monomers and 2 equiv. ethyl acetate acidified with
sulfuric acid H2SO4 was then added, and refluxed at 100 ℃ for another two hours. Upon cooling
to room temperature, an organic phase was separated from the mixture, rinsed with water,
neutralized with a saturated aqueous solution of sodium carbonate NaHCO3, and again rinsed with
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water. The organic phase was dried over magnesium sulfate, and solvent was then removed by
rotary evaporation.
The preparation of MVT with 1:1 MV to T feed ratio is provided here as an example: In a oneneck 1000 mL round-bottom flask fitted with a condenser, a stirred mixture of 100 g water (5.5
mol) and 136 g methyltrimethoxysilane (1 mol) was refluxed at 100 ℃ for 3 hours. A mixture of
93.2 g divinyltetramethyldisiloxane (MV-MV) and 200 g ethyl acetate (2.3 mol) acidified with 10
mL concentrated H2SO4 was added to the flask and refluxed for another 2 hours. After cooling to
room temperature, the reaction mixture was then transferred to a 1000 mL separatory funnel for
phase separation. The organic phase obtained was rinsed with the following sequence: water,
saturated aqueous solution of NaHCO3, and water, and then dried over magnesium sulfate and
filtered. Upon solvent removal of ethyl acetate, 89.12 g transparent liquid with a yield of 84% was
obtained. (Mn = 3079 g/mol and Mw = 9376 g/mol) The viscosity was 1043 cP.
3.2.3 Reactive MT/MDT Copolymer Characterization
NMR

All 1H and 29Si NMR spectra were recorded on a Bruker Avance III HD 500MHz

spectrometer with the sample dissolved in deuterated chloroform, CDCl3. In

29

Si NMR,

chromium(III) acetylacetonate Cr(acac)3 was used as relaxation agent, and a Hahn pulse echo
program was used to minimize background signals from glass NMR tubes. With persistent Q
region background signal observed, a 29Si NMR spectrum of a clean glass NMR tube was recorded
as background baseline that could be subtracted.
Gel Permeation Chromatography (GPC)

All GPC curves were recorded using an Agilent

1260 GPC equipped with two PLgel Mixed-C and one PLgel Mixed-D columns and a refractive
index detector. Tetrahydrofuran (THF) was the mobile phase with a flow rate of 1 mL/min. Linear
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poly(methylmethacrylate) (PMMA) standards were used to assign relative molecular weights of
copolymers with the assumption that the polymer had the same hydrodynamic radii with PMMA
at given molecular weights.
Attenuated Total Reflection-Infrared Spectroscopy (FT ATR-IR)

All IR spectra were

recorded on a PerkinElmer Spectrum 100 spectrometer. The scanning wavenumber range is from
550-4000 cm-1, with a scan number of 32 and resolution of 1 cm-1. Baseline corrections were
performed for each spectrum.
Thermogravimetric Analysis (TGA)

All TGA curves were recorded on a TA Q80 TGA

instrument under a sample nitrogen flow of 60 mL/min. Temperature ramps were from 30 ⁰C to
900 ⁰C at a heating rate of 10 ⁰C/min. The temperature at which 2% mass loss was observed and
the residual mass percentage were used as indicators of thermal stability.
Rheometer

All viscosity data was recorded using a TA Discovery HR10 rheometer with a

25.0 mm parallel plate and an aluminium peltier plate. Viscosity flow tests were performed with a
shear rate sweep from 1 to 1000 s-1 at 25 ℃. The viscosity reported was calculated by the average
of viscosity data points at plateau.
3.2.4 Crosslinked Silicone Preparation
MHT and MVT were synthesized in large scale of multiple batches (characterization data are
shown in Chapter 3.5.1, appendix). A mixture of MHT and reactive vinyl copolymer with known
masses was prepared and was characterized by 1H NMR. With the integral ratio of hydride and
vinyl peaks, the masses of both MHT and reactive vinyl copolymer were calculated with 1:1 molar
ratio of hydride to vinyl group. The volume of platinum-divinyltetramethyldisiloxane complex in
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xylene (low color) with known density was calculated according to platinum concentration in the
final crosslinked silicone. The concentration used was generally 6 ppm. In some cases, 3 ppm
platinum concentration was required for a slow and smooth crosslink reaction.
The preparation of crosslinked MT silicone with MVT and MHT copolymer is provided here
as an example. Upon calculation from 1H NMR, 6 g of each components was required with overall
silicone mass of 12 g. In the case of 6 ppm platinum concentration, 72×10-6 g platinum was used.
The catalyst, platinum-divinyltetramethyldisiloxane complex in xylene (low color), contained 2.0
wt% platinum, and 36×10-4 g catalyst was needed. With a known catalyst density of 0.89 g/mL, 4
μL of catalyst solution was mixed with 6 g MVT copolymer by vortex mixing. 6 g MHT copolymer
was mixed later. The liquid mixture was degassed under vacuum and cured at room temperature
for over 8 hours with further heat curing at elevated temperature (around 100 ℃) for another 8
hours. A 12 g transparent hard solid was obtained.
3.2.5 Crosslinked Silicone Characterization
FT ATR-IR The solid silicones were grounded to fine powders to record IR spectra using a
PerkinElmer Spectrum 100 spectrometer. Scanning wavenumber ranges from 550 to 4000 cm-1,
with a scan number of 32 and resolution of 1 cm-1. Baseline correction were performed for each
spectrum.
Thermogravimetric Analysis (TGA)

TGA curves were recorded on a TA Q80 TGA

instrument under a sample nitrogen flow of 60 mL/min. Temperature ramps were from 30 ⁰C to
900 ⁰C at a heating rate of 10 ⁰C/min. The temperature at which 2% mass loss was observed and
the residual mass percentage were used as indicators of thermal stability.
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Compression Test

Compression tests were conducted on an Instron 5800 following the

ASTM standard D695-15 for rigid plastics under a compressive rate of 1.3 mm/min until break. A
stress-strain curve was recorded for each specimen. To prepare a cylindrical specimen, the liquid
mixture of reactive copolymers with platinum catalyst was cured in a round-bottom glass tube with
a diameter of 10 mm. Polytetrafluoroethylene (PTFE) release coating dry lubricant was used to
coat the inner layer of glass tube prior to addition of liquid mixture. The crosslinked silicone was
released from the tube by breaking the tube glass, and was cut into multiple cylinder segments
with length of ~10 mm. The cutting planes were ground/polished with sand paper to ensure
smoothness.
Tensile Test

Tensile tests were conducted on a TA Q800 Dynamic Mechanical Analysis

(DMA). Thin films of crosslinked silicone with thickness less than 3 mm were prepared on
microscope glasses. A strain rate of 0.05%/min was applied until 1% strain regardless of strain at
break. A stress-strain curve was recorded for each specimen.
3.3 Results and Discussion
The MT silicone platform is described in Chapter 2. Reactive MT copolymers with hydride
and vinyl functionalities were synthesized as liquid precursors. Hydrosilylation between hydride
and vinyl crosslinks the liquid precursors into solid silicones under the catalysis of trace amounts
of platinum. The feasibility of this platform was proved for the MTϕ system, and the cured silicone
exhibited excellent thermal stability. In the research described in this Chapter, we explored the
methyl T system with a closer look at the mechanical properties of the material as well as thermal
stability.
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3.3.1 MT Silicone
The syntheses of MT copolymers were carried out in an ethyl acetate/water/H2SO4 system,
from which the resulting copolymers remained liquid without viscosity change over time. The
synthetic route changed from the one-pot reaction described in Chapter 2 to two-step reactions.
The hydrolysis and condensation of the T monomer, methyltrimethoxysilane, was first carried out
in water in an oil bath equilibrated at 100 ℃ (no catalyst) to form oligomeric T homopolymers,
also called methyl-T-oil.6 Subsequent end-capping by M monomers, divinyltetramethyldisiloxane
(MV-MV) and tetramethyldisiloxane (MH-MH), with ethyl acetate and H2SO4 (catalyst) added
yielded MVT and MHT copolymers. The reason for performing oligomeric T homopolymers lies
in the exothermic nature of methoxysilane hydrolysis. Methyltrimethoxysilane hydrolyzes more
rapidly than phenyltrimethoxysilane and the heat generated raised safety concerns.
MVT and MHT copolymers were synthesized in large scale with M:T feed ratios of 1:1. In the
1

H NMR spectra (Figure 3.2a), the hydride proton in MHT appears up at δ ~5, and vinyl protons in

MVT are at δ ~6. The actual M:T ratios (Table 3.1) were calculated from the relative intensities of
the M peak (MV at δ ~0 and MH at δ ~5) and the T peaks (T2 peak at δ ~-60 and T3 at δ ~-70) in
the 29Si NMR spectra (Figure 3.2b). A trace T2 peak at δ -58 is observed, and the T2:T3 ratio is
lower than 0.05:0.95. Noticeably, there exists a D peak at δ -20. It is due to the hydrolysis of Si-H
to silanol Si-OH, the condensation of which turns M to D. MVT and MHT copolymers are both
polydisperse with a wide molecular weight range from ~1000 g/mol to ~100,000 g/mol (Figure
3.3a). The relative molecular weights are calculated with linear PMMA standards under the
assumption that hydrodynamic radii of MVT and MHT are the same as linear PMMA at given
molecular weights. In the infrared spectra (Figure 3.3b), hydride bands can be observed at 2280
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cm-1 and 900 cm-1, while a vinyl band appears at 1400 cm-1. The viscosity of MVT is ten times
higher than that of MHT (Figure 3.4).
Similar to the MTϕ copolymers described in Chapter 2, MVT and MHT copolymers are
mixtures of a wide variety of polycyclic oligomeric molecules with distributions of molecular
weights, M:T ratios and molecular topologies. Some representative chemical structures of MVT
and MHT copolymers are drawn in Figure 3.5, with various M:T ratios. There are no silanols drawn
in the representative structure due to the trace amount of T2 peak in the 29Si NMR spectra. The
ratio of relative intensities of T2:T3 peak is less than 0.05:0.95. Silanol contents are present in
species with higher molecular weights.
The transparent liquid precursors, MVT and MHT copolymers, were mixed with platinum
(hydride to vinyl ratio of 1:1), and crosslinked via hydrosilylation. Crosslinking was conducted
first at room temperature overnight, then at 100 ℃ for more than 6 hours. A transparent, hard
object was obtained (Figure 3.6). There is no apparent shrinkage or expansion of volume during
crosslinking. The volatile liquid silicone precursors were cured into a solid silicone with extreme
thermal stability up to 440 ℃ at which less than 2% weight loss was observed (Figure 3.7).
Table 0.1 The composition, molecular weights, and mass yields of MVT and MHT copolymers.
M:T a

Mn b

Mw b

Mw/Mn

Viscosity (cP)c

Yield

MH T

0.54:1

4750

11814

2.49

153

93%

MV T

0.46:1

3079

9376

3.04

1043

84%
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a

determined by the relative intensities of the M peak and the T peaks in the

b

29

Si-NMR spectra,

relative molecular weight with linear PMMA standards in THF and cdetermined by the average

of viscosities at shear rate from 250 to 1000 s-1 (viscosity plateau).
Figure 0.2 a) 1H-NMR and b) 29Si-NMR spectra of MVT (green) and MHT (blue) copolymers.
b)

a)

Figure 0.3 a) GPC curves and b) infrared spectra of MVT (green) and MHT (blue) copolymers.
a)

b)
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Figure 0.4 Viscosity data of MVT (green) and MHT (blue) copolymers.

Figure 0.5 Some representative chemical structures of MVT and MHT copolymers.
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Figure 0.6 The hard, transparent MT silicone solid crosslinked from liquid precursors of MVT and
MHT copolymers under the catalysis of platinum via hydrosilylation.

Figure 0.7 TGA curves of MT silicone (black) crosslinked from MVT (green) and MHT (blue)
copolymers.

Hydrosilylation generates a crosslinked network of MT copolymers connected by ethylene
bridges. A section of this network is drawn in Figure 3.8 with the representative structures in Figure
3.5. However, we must again emphasize that this network in reality is comprised of a wide variety
of polycyclic oligomeric MT copolymers with distributions of molecular weights, M:T ratios and
molecular topologies that are connected by ethylene bridges. In many experiments, in order to
90

make sure that complete hydrosilylation of vinyl groups occurs, slightly more MHT copolymers
was added. There may exist certain MH groups that are left over or not accessible to vinyl groups
due to their geometric constraints. During heating cure, those MH groups will be oxidized to SiOH. It is also possible that the Si-OH generated may condense with another silanol to form D
repeat unit.
Figure 0.8 A section of an MT silicone network with the representative structures in Figure 3.5.
The ethylene bridge formed via hydrosilylation is drawn as a red line. The methyl groups on any
silicone repeat units are deliberately not drawn. Certain MH groups that are not accessible to vinyl
groups due to their geometric constraints will be oxidized to Si-OH (labeled in red) during heat
cure, and some Si-OH may condense with another silanol to form D repeat unit (labeled in red).

D

OH

D

D
HO-Si
OH

D

HO
Si-OH

D

D
D

The reactive MT copolymers with polycyclic structures exhibit chain rigidity, and a highly
crosslinked network brings more confinement to the system. From the rigid structures of the
network (Figure 3.8), it is reasonable to expect a high modulus of this crosslinked MT material.
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To investigate the mechanical properties, two tests were conducted, compression and tensile test.
In the compression test, specimens of crosslinked MT material were prepared in a cylindrical shape
with both diameter and height of 10 mm (Figure 3.9a). An ASTM test standard D695-15 for rigid
plastics was applied with a compression rate of 1.3 mm/min (Figure 3.9b). Stress-strain curves
Figure 0.9 a) A transparent cylindrical specimen of crosslinked MT material. A demonstration of
b) compression test with a cylinder compressed with two metal plates, and c) tensile test with a
rectangular shape of thin film elongated by two clamps.
a)

b)

c)

were recorded, and compressive moduli were calculated as the slope of linear fitted stress-strain
curves within the linear deformation regime (0-10% strain). Six specimens of MT silicone were
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prepared and exhibited excellent reproducibility in the stress-strain curves (Figure 3.10). The only
difference between each specimen was strain at break. This may come from various defects
introduced during sample preparation, i.e. cutting and grinding the cylinders. The representative
compressive modulus of a sample is calculated as the average modulus of at least four specimens.
The compressive modulus of MT silicone is (197.2 ± 4.2) MPa. Comparable compressive moduli
reported in the ASTM D695-15 are acetal of 3.28 GPa and polystyrene of 6.82 GPa.7 According
to stress-strain curves, our MT silicone exhibited a stress-strain curve similar to elastomers.
Figure 0.10 Compressive stress-strain curves of six specimens of MT silicones crosslinked from
MVT and MHT copolymers.

In the tensile test, MT silicone was prepared in a rectangular shape with thickness less than 3
mm. Stress-strain curves were recorded until 1.0% strain with an elongation rate of 0.05%
strain/min (Figure 3.9c). The tensile modulus was calculated as the slope of the linear fitted stressstrain curve between 0.2% and 1.0% strain. Five specimens of MT silicone thin film were prepared
(Figure 3.11). Differences between each specimen occurred due to defects introduced during
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sample preparation, i.e. cutting the thin film into a rectangular shape. The representative tensile
modulus is calculated as the average modulus of at least three specimens. The tensile modulus of
crosslinked MT silicone is (170.5 ± 39) MPa. When MT silicone is molded into thin films, it is
very brittle with no flexibility to bend.
Figure 0.11 Tensile stress-strain curves of five specimens of MT silicones crosslinked from MVT
and MHT copolymers.

3.3.2 The Crosslink Density of MT Silicone
It is generally understood that the elastic modulus of a rubber or gel is proportionally
correlated to the crosslink density.5 Since crosslinked MT silicone exhibits a mechanical response
similar to elastomers, crosslink density is one possible factor that can control the modulus of MT
silicone. Simply adjusting M to T ratio will result in significant alterations in molecular weight
and topology of copolymers, which will lead to a different molecular network. To decrease the
density of crosslink-able groups (MV and MH) while keep the network structures and topologies,
some MV or MH was substituted with non-reactive M, i.e. trimethylsilyl group with an overall M
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units to T unit feed ratio of 1:1. 50%, or 70%, of the end-capping groups are substituted with M,
leaving 50%, or 30%, of end-capping group have vinyl (MV) or hydride (MH) functionalities.
Four additional MT copolymers were synthesized following the same procedure as MVT and
MHT copolymers. The copolymers are named M50%VT and M50%HT with 50% end groups of
functionalities, and M30%VT and M30%HT with 30% end groups of functionalities. The actual ratios
(Table 3.2) are calculated from the relative intensities of the M peaks, M at δ ~-10 with MV at δ
~0 or MH at δ ~5, to the T peaks (T3 at δ ~-70) in the
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Si NMR spectra (Figure 3.12). The

percentages reported are calculated from the relative intensities of M with functionalities (MV or
MH) over the total M. Less feed in MH also relates to less intensity of the D peak (δ ~-20). All six
MT copolymers are polydisperse with a wide molecular weight range (Figure 3.13), but MHT
copolymers generally have higher molecular weight than MVT copolymers due to the presence of
siloxane bridges from the hydrolysis and condensation of MH. In the infrared spectra (Figure 3.14),
the relative absorption intensity of hydride bands at 2280 cm-1 and 900 cm-1 and vinyl band at 1400
cm-1 corresponds to the MH and MV in feed. The viscosity of MVT copolymers decreased with MV
feed, while that of MHT copolymer seems be independent of MH feed (Figure 3.15).
Table 0.2 The composition, molecular weights, and mass yields of six reactive MT copolymers
with various density of crosslinkable sites, MVT, M50%VT, and M30%VT with vinyl functionality,
and MHT, M50%HT and M30%HT with hydride functionality.
(M+MV):T a

%MV b

Mn c

Mw c

Mw/Mn

MV T

0.38:1

100

3079

9376

3.04

1043

84%

M50%VT

0.41:1

41

2788

6397

2.29

520

79%

95

Viscosity (cP) d Yield

M30%VT

a

0.45:1

24

2840

6676

2.35

478

76%

(M+MH):T a

%MH b

Mn c

Mw c

Mw/Mn

MH T

0.36:1

100

4750

11814

2.49

153

93%

M50%HT

0.41:1

53

3759

8020

2.13

149

89%

M30%HT

0.49:1

28

3299

7503

2.27

232

78%

Viscosity (cP) d Yield

determined by the relative intensities of the M peaks to the T peak, bdetermined by the relative

intensities of the MV or MH peak to the M peak in the 29Si-NMR spectra, crelative molecular weight
with linear PMMA standards in THF and ddetermined by the average of viscosity at shear rate
from 250 to 1000 s-1 (viscosity plateau).
Figure 0.12 29Si-NMR spectra of a) MVT, M50%VT and M30%VT, and b) MHT, M50%HT and M30%HT.
a)

b)
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Figure 0.13 GPC curves of a) MVT, M50%VT and M30%VT, and b) MHT, M50%HT and M30%HT.
b)

a)

Figure 0.14 The infrared spectra of a) MVT, M50%VT and M30%VT, and b) MHT, M50%HT and
M30%HT.
b)

a)
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Figure 0.15 The viscosity data of a) MVT, M50%VT and M30%VT, and b) MHT, M50%HT and M30%HT.
b)

a)

These transparent liquid precursors were crosslinked to solid silicones via hydrosilylation. In
this context, MT silicone from MVT and MHT is defined with a MT material with 100% crosslink
density, M50%VT and M50%HT with 50% crosslink density, M30%VT and M30%HT with 30% crosslink
density. The three MT silicones with 100%, 50% and 30% crosslink density are transparent solids.
The network structures of MT silicone with 50% and 30% crosslink density are similar to that
shown in Figure 3.8, with 50% and 30% ethylene bridges left, respectively. However, the thermal
stability of MT silicone decreased significantly with crosslink density in terms of temperature at
which less than 2% weight was observed and the mass of the residual silicon/carbon/oxide ceramic
residue (Figure 3.16). The temperatures at which less than 2% weight loss was observed decrease
from 440 ℃, 330 ℃ to 270 ℃, and the mass of residue decreased from 80%, 68% to 42%.
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Figure 0.16 TGA curves of MT silicones with 100% (yellow), 50% (green) and 30% (blue)
crosslink density.

As mentioned before, the elastic modulus of a rubber is proportional to the crosslink density.
Therefore, mechanical properties was evaluated on the MT silicones with 100%, 50% and 30%
crosslink density. The compressive and tensile stress-strain curves and moduli are shown in Figure
3.17 and Figure 3.18. With a compressive moduli of 197.2 MPa, 15.3 MPa and 4.1 MPa for MT
silicones with 100%, 50% and 30% crosslink density, it can be concluded that the modulus of MT
silicone is positively but not proportionally related to crosslink density. We also compare the
toughness, defined as the area under the stress-strain curve, and strain at break of three materials.
We notice that the material becomes less tough and easier to break when it is less crosslinked. The
tensile test yields the same result, demonstrating a non-proportional decrease in moduli with
crosslink density. However, toughness cannot be compared in the tensile test, since only MT
silicone with 100% crosslink density broke before 1% strain was reached, with strains at break for
the other two MT silicones were not reached.
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Figure 0.17 a) Compressive stress-strain curves and b) compressive moduli of MT silicones with
100% (yellow), 50% (green) and 30% (blue) crosslink density.
b)

a)

Figure 0.18 a) Tensile stress-strain curves and b) tensile moduli of MT silicones with 100%
(yellow), 50% (green) and 30% (blue) crosslink density.
b)

a)

In conclusion, the crosslink density of MT material controls not only the modulus, but also
the thermal stability. The modulus of MT silicone can be controlled with crosslink density, but the
drawback of this method is that thermal stability is sacrificed.
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3.3.3 MT Silicone With Linear Siloxanes
The high modulus and toughness of crosslinked MT silicone comes from the intrinsic rigidity
in the polymer chains of precursors due to their polycyclic structures, and confinement from the
highly crosslinked network (Figure 3.8). Therefore, there are two proposed approaches to control
the modulus of material, adding chain flexibility that comes from linear -Si-O-Si- bonds to the
precursors or the network. The method was called “titrating D composition into MT silicone”. This
section of the chapter describes titration of D composition in the hydrosilylation stage for more
flexibility in the network. Linear siloxanes, which are end-functionalized with MH,

were

introduced as co-precursors that would create flexible units in addition to the rigid ethylene bridges
between MT copolymers.
MVT and MHT copolymers used are the same materials in the Chapter 3.3.1. We first studies
a short siloxane chain, PDMS of 4 D repeat units end-functionalized with hydride MH, MHD4MH.
The number of repeat units was calculated from the relative peak intensities of hydride and methyl
protons in the 1H NMR spectra. Although no GPC curve was obtained for molecular weight
distribution due to the similar refractive index between this PDMS and the mobile phase THF, the
four repeat units in MHD4MH is considered to be an average value due to polydispersity. To
crosslink those reactive precursors, the overall hydride to vinyl ratio was kept at 1:1. The D
composition was titrated by adding 1, 5 and 10 molar% hydride from MHD4MH, with 99, 95 and
90 molar% hydride from MHT, respectively. The crosslinked silicones obtained were transparent
solids with slightly different hardness, and their thermal stabilities were evaluated (Figure 3.19).
With the increase in titration of MHD4MH, a decrease in the temperature at which less than 2%
weight loss was observed is only 20 ℃, and the mass of residue decreases only around 5%. This
indicates that titrating MHD4MH into MT silicone only slightly changes the thermal stability, and
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this crosslinked silicone will maintain excellent thermal performance that is comparable to MT
silicone.
Figure 0.19 TGA curves of crosslinked silicone with 0, 1, 5 and 10 molar% hydride from MHD4MH
titrated into MT silicone. 0 molar% titration is the MT silicone from Section 3.3.1.

Both compressive and tensile moduli were controlled through titration of D composition as
expected. The stress-strain curves and moduli are shown in Figure 3.20 and Figure 3.21. We notice
that titration of linear siloxane MHD4MH into MT silicone significantly lowers both toughness and
strain at break of the material. However, if compared without MT silicone, the amount of linear
siloxane MHD4MH is positively related to toughness and strain at break of the material. Again,
tensile moduli exhibit the same trend as compressive moduli. Since the two mechanical tests yield
similar results, future researches may choose to do only one of these tests.
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Figure 0.20 a) Compressive stress-strain curves and b) compressive moduli of silicones with 0, 1,
5 and 10 molar% hydride from MHD4MH.

a)

b)

Figure 0.21 a) Tensile stress-strain curves and b) tensile moduli of silicones with 0, 1, 5 and 10
molar% hydride from MHD4MH.

b)

a)

Based on these results, if molar% hydride from linear siloxanes is kept constant, longer
siloxane chains with more D repeat units should bring more flexibility to the networks, and lower
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moduli are expected. To prove this assumption, we investigated four MH end-functionalized
PDMS, MHDnMH, of chain length n=0,1,4,30, with molar% hydride from MHDnMH kept at 10%.
In the cases of n=0 and 1, MHMH (tetramethyldisiloxane) and MHDMH (hexamethyltrisiloxane)
were purchased in ACS grade purity. However, MHD4MH and MHD30MH are polydisperse with
average amounts of D repeat units calculated from the 1H NMR spectra following the method
stated above. Another MH mono-end-functionalized PDMS, MHD9Mn-butyl, was also tested. The
compressive stress-strain curves and moduli are shown in Figure 3.22. The reactive MVT and MHT
copolymers used were synthesized in a separate batch with slightly different actual M to T ratio.
The new reactive MVT and MHT copolymers were mixtures of 5-6 batches prepared in parallel.
The characterization details are shown in the Chapter 3.5.1 (appendix).
Figure 0.22 a) Compressive stress-strain curves and b) compressive moduli of crosslinked
silicones with 10 molar% hydride from MHDnMH (n=0,1,4, or 30) or MHD9Mn-butyl.
b)

a)

A descendent series of moduli were first expected from n=0 to n=30 in MHDnMH. However,
the outcomes are contradictory. The moduli with MHMH and MHDMH are one order of magnitude
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lower than that with MHD4MH. A possible explanation is proposed here. After one end of MHMH
or MHDMH reacts with one MV of the MVT copolymer, the molecular length results in the other
end of MHMH or MHDMH reacting with another MV on the same MVT (Figure 3.23a). MHMH and
MHDMH molecules actually act as end-capping agents of two adjacent MV groups on the same
oligomer, and lowers the crosslink density. The chain length of MHD4MH, however, are long
enough as a flexible siloxane bridge between two MV groups on two different MVT copolymers
(Figure 3.23b). The siloxane bridges bring flexibility to the crosslinked network from MT
copolymers, and the resulting silicone has a lower modulus than MT silicone. MHD30MH of longer
siloxane chains and more D composition lowers the modulus further. The data indicates that linear
siloxanes can be used to control, but not accurately predict the actual moduli of the silicone
material.
Figure 0.23 A section of an MT silicone network (similar to that in Figure 3.8) titrated 10 molar%
hydride from a) MHMH and b) MHD4MH. The methyl groups are deliberately not drawn. The
ethylene bridge formed via hydrosilylation is drawn as a red line. MHMH reacts with two adjacent
MV groups on the same molecule and forms a Si-O-Si bridge (labeled in red as “M-M” with two
ethylene bridges), while MHD4MH reacts with two MV groups from two different molecules
(labeled in red as “D-D-D-D” with two ethylene bridges).
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3.3.4 Reactive MDT Copolymer
In another approach, the chain flexibility was added during the syntheses of reactive
precursors. Vinyl-functionalized MDT copolymers were synthesized as liquid precursors and
crosslinked with MHT copolymers. Compressive moduli and thermal stabilities were measured for
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this crosslinked MDT silicone. Hydride-functionalized MDT copolymers were also prepared and
crosslinked with MVT copolymers in a similar way, but this is not discussed here.
The first reactive MDT copolymer that was explored is MVDT copolymers with vinyl
functionality on the M unit. MV, D and T monomers are divinyltetramethyldisiloxane (MV-MV),
dimethyldimethoxysilane and methyltrimethoxysilane. To incorporate D repeat units into MT
copolymers during synthesis with MV, D and T feed ratio of 1:1:1, three ways were proposed. In
the first way, the hydrolysis and condensation of D and T and the end-capping with MV ocurring
simultaneously using acidic catalysis (one-pot method). In the second way, the hydrolysis and
condensation of D and T were performed in water in an oil bath equilibrated at 100 ℃ with no
catalyst first, similar to methyl T-oil, followed by end-capping this DT-oil with MV using acidic
catalysis (two-step method). In the third way, the hydrolysis and condensation of T and D were
performed sequentially (T then D) in water in an oil bath equilibrated at 100 ℃ (no catalyst),
followed by end-capping with MV using acidic catalysis (three-step method). In the

29

Si NMR

spectra (Figure 3.24a), all peaks of MV, D and T contain doublet peaks, indicating the different
bonding modes between these three repeat units. The actual ratios MV:T (Table 3.3) were
calculated from the relative intensities of the MV peak (δ ~5) to the T peaks (T2 and T3). The actual
D:T ratios were calculated from the relative intensities of the D peak (δ ~-20) to the T peaks(T2
and T3). D:T ratios of the one-step and two-step MVDT copolymers are close to the feed ratios, but
three-step MVDT copolymers has slightly lower D:T ratio (not preferable).
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Table 0.3 The composition, molecular weights, and mass yields of MVDT copolymers synthesized
using one-step, two-step and three-step methods.

a

# of steps

MV:T a

D:T b

Mn c

Mw c

Mw/Mn

Yield

1

0.85:1

1.04:1

1141

1507

1.32

84%

2

0.78:1

0.96:1

1387

2335

1.68

91%

3

0.54:1

0.89:1

2188

7700

3.51

78%

determined by the relative intensities of the MV peak to the T peaks, bdetermined by the relative

intensities of the D peak to the T peaks in the 29Si-NMR spectra, and crelative molecular weight
with linear PMMA standards in THF.
Figure 0.24 a)
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Si-NMR spectra and b) infrared spectra of the MVDT copolymers synthesized

using one-step (yellow), two-step (green) and three-step (blue) methods.
b)

a)

One-step and two-step MVDT copolymers were crosslinked with the same MHT copolymer,
the characterization data of which are listed in Chapter 3.5.1 (appendix). The two samples are very
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similar in terms of compressive moduli, toughness, strains at break (Figure 3.26) and thermal
stability (Figure 3.27). The two-step method is chosen due to the safety concern of the exothermic
hydrolysis and condensation of methoxysilane.
Figure 0.25 GPC curves of the MVDT copolymers synthesized using one-step (yellow), two-step
(green) and three-step (blue) methods.

Figure 0.26 a) Compressive stress-strain curves and b) moduli of MDT silicones crosslinked from
MHT and one-step (yellow) or two-step (green) MVDT copolymers.
a)

b
)
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Figure 0.27 TGA curves of MDTs silicone crosslinked from MHT and one-step (yellow) or twostep (green) MVDT copolymers.

In the two-step method, the D:T ratio in the MVDT copolymer is close to the feed ratio.
Therefore, the D:T feed ratio was chosen as the parameter to control the titration of D composition.
A series of MVDT copolymer were prepared with D:T feed ratios of 0:1 (control, MVT), 0.25:1,
0.5:1, 1:1 and 2:1, with MV:T feed ratio kept at 1:1. The obtained MVDT copolymers are all
transparent liquids with a range of viscosities. The actual MV:T and D:T ratios (Table 3.4) are
calculated from the relative peak intensities in the 29Si NMR spectra (Figure 3.28). The presence
of the T2 peak (δ ~-60) indicates the presence of silanols, and the ratios of T2 to T3 are also reported
in Table 3.4. The descending molecular weights with increase of the D:T feed ratio correspond
with the viscosities (Figure 3.29 and Figure 3.30). MVDT copolymer is proposed to have a similar
chemical structure to reactive MT copolymer (Figure 3.5) with D repeat units dispersed either
within or between the polycyclic structures. Some representative chemical structures with D:T
feed ratios of 0.25:1, 0.5:1, 1:1 and 2:1are drawn in Figure 3.31.
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Table 0.4 The composition, molecular weights, viscosities and mass yields of MVDT copolymers
with D:T feed ratios of 0:1 (control, MVT), 0.25:1, 0.5:1, 1:1 and 2:1.
D:T feed

MV:T a

D:T b

T2:T3 b

Mn c

Mw c

Mw/Mn

Viscosity (cP) d

Yield

2:1

0.90:1

1.99:1

0.15:0.85

1551

2160

1.39

11

98%

1:1

0.78:1

0.96:1

0.18:0.82

1387

2335

1.68

12

91%

0.5:1

0.69:1

0.50:1

0.17:0.83

1792

3062

1.71

26

96%

0.25:1

0.56:1

0.25:1

0.12:0.88

2096

3376

1.61

374

41%

0:1

0.54:1

0:1

0.01:0.99

3677

10368

2.81

1043

84%

a

determined by the relative peak intensities of the MV peak to the T peaks, bdetermined by the

relative intensities of the D peak to the T peaks in the 29Si-NMR spectra, crelative molecular weight
with linear PMMA standards in THF and ddetermined by the average of viscosity at shear rate
from 250 to 1000 (viscosity plateau).
Figure 0.28 29Si NMR spectra of MVDT copolymers with D:T feed ratios of 0:1 (control, MVT),
0.25:1, 0.5:1, 1:1 and 2:1.
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Figure 0.29 GPC curves of MVDT copolymers with D:T feed ratios of 0:1 (control, MVT), 0.25:1,
0.5:1, 1:1 and 2:1.

Figure 0.30 Viscosity data of MVDT copolymers with D:T feed ratios of 0:1 (control, MVT), 0.25:1,
0.5:1, 1:1 and 2:1.
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The series of liquid precursors, MVDT copolymers with D:T feed ratios of 0.25:1, 0.5:1, 1:1
and 2:1, were crosslinked with MHT copolymers to form MDT silicones (vinyl to hydride ratio of
1:1). A film of a transparent MDT silicone crosslinked from MVDT with D:T feed ratio of 1:1 and
Figure 0.31 Some representative chemical structures of MVDT copolymers with D:T feed ratios
of 0.25:1, 0.5:1, 1:1 and 2:1.
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MHT is shown in Figure 3.32, and it exhibits some flexibility toward bending. (Note: the
characterization data of the MHT used are listed in Chapter 3.5.1, appendix.) Similar to MT silicone
crosslinked from MVT and MHT, there is no apparent shrinkage or expansion of volume during
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crosslinking. To evaluate the completion of crosslinking (hydrosilylation), those MDT silicones
were grounded to powders and infrared spectra were recorded (Figure 3.33). The slight presence
of the vinyl band at around 1400 cm-1 indicates the unreacted vinyl groups. This can be explained
by the geometric constraints; some vinyl groups may not be able to reach hydride groups due to
the geometric limitations of the network structure. There is no appreance of the hydride band at
around 2280 cm-1 in the MDT silicones crosslinked from MVDT with D:T feed ratios of 0.25:1
and 0.5:1. However, there is a slight presence of the hydride band in the MDT silicones from
MVDT with D:T feed ratios of 1:1 and 2:1.
Figure 0.32 A film of a transparent MDT silicone crosslinked from MVDT with D:T feed ratio of
1:1 and MHT. It exhibits some flexibility toward bending.
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Figure 0.33 The infrared spectra of the MDT silicones crosslinked from MHT and MVDT with
D:T feed ratios of 0.25:1, 0.5:1, 1:1 and 2:1.

The MDT silicones exhibit excellent thermal stability similar to that of MT silicone (Figure
3.34). The temperatures at which 2% weight loss was observed and the masses of residues slightly
vary with D:T feed ratio, but are still very close to that of MT silicone. The compressive moduli
of those MDT silicone can be controlled and also predicted by D:T feed ratios in the MVDT, as
expected (Figure 3.35). Notice that titration of D into MT significantly lowers both toughness and
strain at break of the material. Compared with titrating D in the hydrosilylation stage, titrating D
in the precursors stage can be more well-controlled, and the modulus of the MDT silicone can be
more predictable using D:T feed ratios in the MVDT copolymers.
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Figure 0.34 TGA curves of the MDT silicones crosslinked from MHT and MVDT with D:T feed
ratios of 0:1 (control, MVT), 0.25:1, 0.5:1, 1:1 and 2:1.

Figure 0.35 a) Compressive stress-strain curves and b) moduli of the MDT silicones crosslinked
from MHT and MVDT with D:T feed ratios of 0:1 (control, MVT), 0.25:1, 0.5:1, 1:1 and 2:1.
a)
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b)

Apart from adjusting D:T feed ratios, we also studied the reactive MDT precursors by
adjusting M:T feed ratios (while keep D:T feed ratio of 1:1). With a decrease in the M:T feed ratio,
the density of crosslinkable groups in the copolymer decreases. The MDT silicones is similar to
MT silicones with controlled crosslink density in terms of thermal stabilities and compressive
moduli (data shown in Chapter 3.5.2, appendix).
In the reactive MVDT copolymer, D repeat units contain two methyl groups. We also prepared
a similar MDT silicone crosslinked from MHT and MVDϕT copolymers with MV:Dϕ:T feed ratio
of 1:1:1. The MVDϕT copolymers contain one phenyl group and one methyl group on each D repeat
unit, and were prepared using a similar procedure of that of MVDT, except that phenylmethyldimethoxysilane was used as Dϕ monomers. Dϕ peak shifts to δ ~-35 in the 29Si NMR spectrum
(Figure 3.36). The relative peak intensities showed an actual MV:Dϕ:T ratio of 1:1.1:1. The
presence of D1 peak (δ ~-20) indicates the incomplete condensation of Dϕ possibly due to the steric
hinderance of the phenyl groups. The presence of silanol contents caused by both D1 and T2 is
observed at around ~3500cm-1 in the infrared spectrum (Figure 3.37). The two infrared bands with
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almost identical intensity at 700 and 730 cm-1 represent the Si-ϕ bond in Dϕ. The MVDϕT
copolymer has an Mn of 1131 g/mol and an Mw of 1605 g/mol (Figure 3.38) with a mass yield of
94%.
Figure 0.36 29Si NMR spectrum of MVDϕT copolymer with MV:Dϕ:T feed ratio of 1:1:1.

Figure 0.37 The infrared spectrum of MVDϕT copolymer with MV:Dϕ:T feed ratio of 1:1:1 (with
magnification from 1500 to 900 cm-1).
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Figure 0.38 GPC curve of MVDϕT copolymer with MV:Dϕ:T feed ratio of 1:1:1.

The MVDϕT copolymer was crosslinked with the MHT copolymer (characterization data are
listed in Chapter 3.5.1, appendix). The compressive moduli of this MDϕT silicone are similar to
that of the MDT silicone with two methyl groups on each D unit (Figure 3.39). The result indicates
that the organic groups of D repeat units have limited influence on the moduli of crosslinked
silicone.
Figure 0.39 Compressive stress-strain curves of MDT silicone crosslinked from MHT copolymer
and MVDϕT (blue), or MVDT (green).
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The vinyl functionality is attached to the M in the MVDT copolymer, and hydrosilylation
generates a network connected through M units. To further understand the relationship between
the structures of the network and the mechanical behavior of the material, we prepared two other
reactive precursors, MDVT with the vinyl functionality on the D, and MDTV with the vinyl
functionality on the T. All precursors were prepared with a M(V):D(V):T(V) feed ratio of 1:1:1 (Table
3.5). The DV peak shifts to δ ~-35, the TV peak to δ ~-80 (29Si NMR spectra, Figure 3.40).
Three copolymers, MVDT, MDVT and MDTV, were crosslinked with the same MHT
copolymer. Three transparent films (solids) were obtained. The MDT silicone from MDVT (Figure
3.41) has more bending flexibility than that from MVDT, and the silicone from MDTV exhibits the
highest bending flexibility (Figure 3.42).
Table 0.5 The composition, molecular weights, and mass yields of MVDT, MDVT and MDTV
prepared with M(V):D(V):T(V) feed ratios of 1:1:1.

a

M(V):D(V):T(V) a

T2:T3 b

Mn c

Mw c

Mw/Mn

Yield

MVDT

0.78:0.96:1

0.18:0.82

1387

2335

1.68

91%

MDVT

0.92:1.07:1

0.04:0.96

1561

2159

1.38

76%

MDTV

0.79:0.85:1

0.16:0.84

1712

2119

1.24

75%

determined by the relative peak intensities of the M(V) peak, the D(V) peak and the T peaks,

b

determined by the relative peak intensities of the T2 to T3 peak in the 29Si-NMR spectra, crelative

molecular weight with linear PMMA standards in THF.
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Figure 0.40 29Si-NMR spectra of MVDT (yellow), MDVT (green) and MDTV (blue) preprared with
M(V):D(V):T(V) feed ratios of 1:1:1.

Figure 0.41 A transparent film of the MDT silicone crosslinked from MHT and MDVT prepared
with M:DV:T feed ratio of 1:1:1, which exhibits flexibility towards bending.

With similar thermal stabilities and compressive moduli (Figure 3.43 and Figure 3.44), the
mechanical behaviors of these three MDT silicone in terms of toughness are quite different. The
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toughness descends with vinyl functionality moving from D to T to M. The possible explanation
lies in the chemical structure of the MDT copolymers. Three representative structures are drawn
in Figure 3.45 with similar structures in terms of molecular weights, M(V):D(V):T(V) actual ratios
and molecular topologies. The only difference is the location of vinyl functionalities. Generation
of ethylene bridges brings rigidity to the polymer chains, and crosslinking through D units will
result in the most flexibility loss. Therefore, the network of MDT silicone from MDVT exhibits
the most rigid structure, resulting in the highest toughness among those three MDT silicones.
Figure 0.42 A transparent film of the MDT silicone crosslinked from MHT and MDTV prepared
with M:D:TV feed ratio of 1:1:1, which exhibits the highest flexibility towards bending among
three MDT silicones.
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Figure 0.43 TGA curves of the MDT silicones crosslinked from MHT copolymers and MVDT,
MDVT or MDTV with M(V):D(V):T(V) feed ratios of 1:1:1.

Figure 0.44 a) Compressive stress-strain curves and b) moduli of MDT silicones crosslinked from
MHT copolymers and MVDT, MDVT and MDTV copolymers.
b)

a)
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Figure 0.45 Representative chemical structures of MVDT, MDVT and MDTV copolymers. The
vinyl functionality is labeled in red (TV is labeled in red circle).
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3.4 Conclusions
The mechanical properties of crosslinked MT silicone can be controlled by adjusting the
crosslink density or selectively titrating D composition into the network. The elastomer behavior
similar to rubber of the crosslinked MT silicone made it possible to control the mechanical
properties through crosslink density. However, low crosslink density also leads to low thermal
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stability. Titrating D composition brings flexibility into the rigid MT network, and D composition
can be titrated in the stage of either hydrosilylation or preparation of liquid precursors. This allows
control over the mechanical properties of crosslinked silicones while maintaining high thermal
stability. If titrating D is effected during preparation of liquid precursors, the mechanical properties
of crosslinked materials in terms of compressive moduli can be predicted by D:T feed ratio in the
precursors. Lastly, we investigate the relationship between the network structures and the
mechanical properties of the material. The toughness of the material can be controlled by
crosslinking sites on different compositions.
3.5 Appendix
3.5.1 Multiple Batches of MVT and MHT Copolymers
Six parallel batches of both MVT and MHT copolymers were prepared. Each batch was
characterized individually, and a mixture of all six batches was also characterized.
Table 0.6 The composition, molecular weights and viscosities of MVT copolymers with six
individual batches and a mixture of all five batches.
1

2

3

4

5

6

Mix

MV : T a

0.64:1

0.47:1

0.58:1

0.5:1

0.55:1

0.53:1

0.54:1

Mn b

3180

3653

4437

4453

3708

3885

3677

Mw b

5915

8532

15094

14065

9242

12455

10368

Viscosity (Pa•s) c

0.055

0.13

0.6

0.5

0.2

0.17

0.17
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a

determined by the relative peak intensities of the MV peak to the T peaks in the 29Si-NMR spectra,

b

relative molecular weight with linear PMMA standards in THF and cdetermined by the average

of viscosity at shear rate from 60 to 160 (viscosity plateau).
Figure 0.46 29Si NMR spectra of MVT copolymers of six individual batches and a mixture of all
six batches.
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Figure 0.47 GPC curves of MVT copolymers of six individual batches and a mixture of all six
batches.
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Figure 0.48 Viscosity data of MVT copolymers of six individual batches and a mixture of all six
batches.
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Figure 0.49 29Si NMR spectra of MHT copolymers with six individual batches and a mixture of
all six batches.
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Figure 0.50 GPC curves of MHT copolymers with six individual batches and a mixture of all six
batches.

H

MMT - mixed

H

H
H

H

H

H

MM T - 6

MM T - 5

M MT - 4

M MT - 3

M MT - 2

M MT - 1

108

107

106

105

104

103

Molecular Weight (g/mol)

Figure 0.51 Viscosity data of MHT copolymers with six individual batches and a mixture of all
six batches.
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Table 0.7 The composition, molecular weight and viscosity data of MHT copolymer with five
individual batches and a mixture of all five batches.

a

1

2

3

4

5

6

Mix

MH : T a

0.54:1

0.52:1

0.53:1

0.59:1

0.55:1

0.53:1

0.54:1

Mn b

5706

4049

4181

4291

4068

4092

4244

Mw b

6348

6805

6963

5713

6809

6955

6955

Viscosity (Pa•s) c

0.051

0.097

0.056

0.032

0.045

0.056

0.038

determined by the relative peak intensities of the MV peak to the T peaks in the 29Si-NMR spectra,

b

relative molecular weight with linear PMMA standards in THF and cdetermined by the average

of viscosity at shear rate from 60 to 160 (viscosity plateau).
3.5.2 MVDT Copolymers With MV:T Feed Ratios of 1:1, 0.5:1 and 0.2:1 (D:T Feed Ratio 1:1)
Figure 0.52 a) 1H-NMR and b) 29Si-NMR spectra of MVDT copolymers with MV:T feed ratios of
1:1, 0.5:1 and 0.2:1 (D:T feed ratio 1:1).

a)
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b)

Figure 0.53 GPC curves of MVDT copolymers with MV:T feed ratios of 1:1, 0.5:1 and 0.2:1 (D:T
feed ratio 1:1).
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Table 0.8 The composition, molecular weights, and mass yields of MVDT copolymers with MV:T
feed ratios of 1:1, 0.5:1 and 0.2:1 (D:T feed ratio 1:1).

a

MV:T

MV:T a

D:T b

Mn c

Mw c

Mw/Mn

Yield

1:1

0.78:1

0.96:1

1387

2335

1.68

91%

0.5:1

0.45:1

1:1

1658

3003

1.81

93%

0.2:1

0.17:1

0.93:1

1790

3737

2.09

89%

determined by the relative intensities of the MV peak and the T peaks, bdetermined by the relative

intensities of the D peak and the T peaks in the 29Si-NMR spectra, and crelative molecular weight
with linear PMMA standards in THF.
Figure 0.54 Infrared spectra of the MDT silicones crosslinked from MHT and MVDT copolymers
with MV:T feed ratios of 1:1, 0.5:1 and 0.2:1 (D:T feed ratio 1:1).
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Figure 0.55 TGA curves of the MDT silicones crosslinked from MHT with MVT or MVDT
copolymers with MV:T feed ratios of 1:1, 0.5:1 and 0.2:1 (D:T feed ratio 1:1).

Figure 0.56 Compressive stress-strain curves and compressive moduli of the MDT silicones
crosslinked from MHT with MVT or MVDT copolymers with MV:T feed ratios of 1:1, 0.5:1 and
0.2:1 (D:T feed ratio 1:1).
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CHAPTER 4
FLEXIBLE SILICONES WITH SILICA-LIKE SURFACES AND SLOW
HYDROPHOBIC RECOVERY
4.1 Introduction
4.1.1 The Reason to Convert Surface to Silica
Polymer surface modification is a well-studied field that has spread over decades, and is
important to a range of material applications.1 Chemical modification methods involve introducing
covalently attached functional groups that can be derivatized to numerous chemically different
surfaces with well-controlled chemical reactions of the functional group.2,3,4,5,6,7,8 The surface
chemistry of silica with Si-OH groups is more highly developed than any other surface.9 Therefore,
converting polymer surfaces to silica-like surfaces is one approach that has been used extensively.
There are many reasons underlying the development of silica surface chemistry, while several
are particularly influential. Glass-fiber reinforced polymer composites were developed in the
1940s, exhibiting excellent mechanical strength with much less weight than metal.10 The only
drawback was that bonding between glass fibers and organic resins was weakened by water due to
hydrolytic degradation of glass,11 therefore the strength of material was lost after long exposure to
moisture. Organosilanes were introduced as coupling agents to chemically modify the surface of
glass fibers and improve the bonding and overall strength of the composites. This success greatly
accelerates the development of silane coupling agent technology. The availability of inexpensive
silicon wafers with an atomically smooth surface facilitated academic research on surface
modification with silane reagents and this has expanded the knowledge of silica surface chemisty.
Additionally, the facile Stöber synthesis of silica particles with controlled diameter also propelled
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the research on the surface chemistry of silica.12,13,14 Each of these aspects contribute to the result
that the surface chemistry of silica is more developed than that of any other material. Therefore, it
is a practical goal to convert multiple surfaces to silica, and silicones have the most obvious
advantage, over most polymers, that of already containing silicon!
4.1.2 Silicone Surface Treatment with Oxygen Plasma
Plasma methods are commonly employed to modify polymer surfaces. A plasma is a gaseous
mixture of charged and neutral species with high kinetic energies including electrons,
positive/negative ions, radical, atoms and molecules.15 They have been widely used to modify
surfaces for several reasons:16 (1) modification is confined to the surface layer without influencing
the bulk properties of the polymer. (2) It is fast and benign compared to wet chemical techniques.
(3) Modification is fairly uniform throughout the entire surface. (4) Plasma can modify the surfaces
of all polymers without limitations, and types of modification can be varied with the choice of gas,
while oxygen is mostly used.
During oxygen plasma treatment,16 atomic oxygen etches the polymer surface by reacting
with surface carbon atoms, giving volatile products. Meanwhile, oxygen functional groups form
at the surface through reactions between active species and surface atoms. In the case of silicone,
oxygen plasma treatment of PDMS surface has most often been studied. The untreated PDMS
surface is hydrophobic. There are numerous reports on the water-in-air contact angles of untreated
PDMS surfaces, and the numbers are slightly different depending on the network formulations.
Upon oxygen plasma treatment, the surface methyl groups of PDMS are erased, leaving a silicalike oxidized layer, consisting partly of SiOx with silicon bonded to three or four oxygen atoms.17
The PDMS surface turns hydrophilic. One example measurement is listed here. The untreated
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PDMS surface exhibited contact angle of θA/θR = 108º/68º. After oxygen plasma treatment, the
contact angles changed to θA/θR = 30º/9º.18
4.1.3 Hydrophobic Recovery of PDMS Surface Treated with Oxygen Plasma
As mentioned in previous chapters, PDMS exhibits various excellent bulk properties, such as
elasticity, gas permeability, relatively high chemical inertness, biocompatibility, etc. One of the
recently popular applications of PDMS is in microfluidics.19 However, the intrinsic hydrophobicity
of PDMS surface is not desired in these applications, and many efforts from plasma treatment to
wet chemical approaches have been made to hydrophilize the PDMS surface.20 Although oxygen
plasma has been proven to be fast and effective and is most commonly used, the biggest drawback
is that the hydrophilicity is only temporary. The surface slowly returns to hydrophobic with an
increase in contact angles. This phenomenon is called hydrophobic recovery.21
The mechanism of hydrophobic recovery has been studied intensely and several have been
proposed, including reorientation of hydrophilic groups from the surface to the bulk or of
hydrophobic groups from the bulk to the surface,17,18 condensation of surface silanol groups,18
migration of low molecular weight (LMW) species to the surface,17,22,23 and environmental
contamination.24 There have been many arguments about the dominant mechanism. One study
came to a conclusion that one-third of recovery came from surface reorientation, while two-thirds
from diffusion of LMW species.17 Another study showed that surface reorientation is a faster
process than diffusion of LMW species to the surface.24 However, most researchers considered
LMW species diffusion as the key mechanism. The LMW species include those that pre-existed
in the silicone and those generated by chain scission during plasma treatment.25 However, research
has shown that if plasma intensity is high, the diffusion of in situ generated LMW species through
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the cracks in the porous silica-like layer26 played a more important role, while pre-existing LMW
species only had influence if plasma intensity was very low and caused no surface damage (Figure
4.1).
Figure 0.1 Different zones produced on PDMS elastomer as a result of plasma treatment. The
uppermost layer is the porous silica-layer generated under plasma. If the plasma intensity is high,
the silica-like layer is more likely to have cracks, which facilitates the migration of LMW species
generated in the chain scission zone. From reference 25.

Chromatographic analysis of the LMW species extracted from plasma-treated PDMS showed
that they are primarily cyclic siloxane oligomers with 4-9 repeating units, with some linear
oligomer with 3 repeating units.27,28 A recent study has shown a new mechanism of PDMS
hydrophobic recovery.29 Octamethylcyclotetrasiloxane (D4) generated from plasma treatment
evaporates and then chemisorbs on the surface. After adsorption, ring-opening of D4 by hydrolysis
and condensation in the presence of surface silanol groups occurs and forms a stable, hydrophobic
layer of PDMS.
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4.1.4 Objectives
Extensive work has been carried out to slow the hydrophobic recovery. Solvent extraction
before plasma treatment is one method developed. Swelling of PDMS in good organic solvents
such as triethylamine and pentane would remove the LMW oligomers while ~5% weight loss of
the final PMDS was observed.30,31 The extracted PDMS stayed stable for 7 days in air after oxygen
plasma treatment.31 However, this method is labor-intensive and requires a large amount of organic
solvents. Another method reported was to keep the oxidized surface in contact with water, and
hydrophilicity was maintained as long as contact time.32 This method is not practical in other cases.
In this project, we investigated the hydrophobic recovery behavior of crosslinked MT and
MDT silicones synthesized as described in previous chapters. Although MT and MDT silicones
are isomers of PDMS, the highly crosslinked network should reduce the generation of LMW
species upon exposure to plasma. Various conditions of plasma treatment were studied in terms of
recovery rate, which was determined by water contact angle measurements. The relationship
between the D component and recovery rate was also studied. Advancing and receding contact
angle measurements were used to monitor the recovery process of crosslinked MT and MDT
silicones after exposure to oxygen plasma.
4.2 Experimental Section
4.2.1 Materials
Sylgard® 184 silicone elastomer kit was purchased from Dow Corning. Elastosil® 2030
V

silicone film was purchased from Wacker. Platinum-tetravinyltetramethylcyclotetrasiloxane (D4 )
complex (Ashby-Karstedt’s catalyst) was purchased from Gelest. All chemicals were used as
received. House purified water (reverse osmosis) was further purified with a Millipore Milli-Q
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system with a resistance of 18.2 MΩ (for contact angle measurement). MHT, MVT, MVDT, MDVT
and MDTV silicones were synthesized following the procedures described in Chapter 3 with a M:T
or M:D:T feed ratio of 1:1 or 1:1:1. Silicon wafers (100 mm diameter, ~500 μm thickness, 100
orientation, resistivity from 20 to 40 Ω•cm) were purchased from International Wafer Services.
4.2.2 General Sample Preparations
A silicon wafer was cut into ~1.5cm square sections, rinsed with deionized water, and dried
under dry air. Wafer sections were then cleaned in a Harrick expanded oxygen plasma cleaner at
an oxygen pressure ~300 mTorr for 10 minutes. After cleaning, wafers were weighed on a Denver
Instrument M-310 balance with accuracy up to 0.1 mg.
Preparation of thin films of crosslinked MT and MDT silicones The weights of silicone resins
with vinyl functionality and MHT resins were determined by 1H NMR to ensure a molar ratio of
vinyl group to hydride group of 1:1. The platinum concentration was kept at 0.3 ppm. After a liquid
mixture of vinyl- and hydride-functionalized silicones was made, spin coating of 150 μL liquid
mixture on a wafer section was conducted with certain spin coating velocity using a Specialty
Coating Systems G3 spin coater series. The spin-coating program was set as follows: ramp to
desired rpm in 10 seconds and dwell for 60 seconds. After spin coating, the wafer section was put
on a hot plate with temperature set to 100 ℃ for one hour. The coated wafer section was then
weighed on the same microbalance with accuracy up to 0.1 mg.
Oxygen plasma treatment The wafer section was treated with a Harrick expanded oxygen
plasma cleaner (radio frequency 8-12 MHz) at an oxygen pressure ~300 mTorr. The chamber is
cylindrical with 6” diameter and 6” deep. Treatment time varied from 20 seconds to 5 minutes.
Plasma intensity was varied with the existing “high”, “medium”, and “low” settings. Those settings
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are controlled by the power applied to radio frequency coil, with low of 7.2 W, medium of 10.2 W
and high of 29.6 W.
4.2.3 Characterization
Thickness

Ellipsometry measurements were conducted using a Gaertner LSE Stokes

Ellipsometer. The native oxide (SiO2) was modeled with a thickness of 10 Å and a refractive index
of 1.46. Reported thickness was the average of five measurements per modified wafer section.
Contact Angle Contact angle measurements were conducted with a Rame-Hart telescopic
goniometer and a Gilmont syringe with a 24-gauge flat-tipped needle. Dynamic advancing (θA)
and receding (θR) contact angles were recorded with Milli-Q water (18.2 MΩ) added and
withdrawn from the drop, respectively. Each reported contact angle was the average of 3-5
measurements made on different locations on the wafer section.
4.3 Results and Discussion
The research was based on the established mechanisms for hydrophobic recovery of surface
oxidized, hydrophilized silicones: reorientation of hydrophilic groups from the surface to the bulk,
surface silanol condensation, migration of LMW species to the surface, and environmental
contaminations, while understanding that migration of LMW species is likely the dominant
mechanism. The overall objectives are to surface oxidize the crosslinked MT and MDT silicones
from this thesis work to form silica surfaces, and to investigate their hydrophobic recovery
behaviors.
Since MT silicones are highly crosslinked networks, it should be more difficult to generate
LMW species under oxidization compared to PDMS-based network. The rigidity of MT silicone
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chains should also decrease the rate of surface hydrophilic groups reorientation. Therefore, slow
hydrophobic recovery is expected in the surface oxidized MT silicones. In terms of MDT silicones
by titrating D composition into liquid precursors, as discussed in the previous chapter, the
possibility to form cyclic siloxanes is expected to be lower relative to PDMS, and the oxidized
surface may also exhibit slower hydrophobic recovery than PDMS surface. Flexible silicones with
controllable moduli, silica-like surfaces and slow hydrophobic recovery would be possible and are
objectives. In this study, thin films of crosslinked MT and MDT silicones were prepared by spin
coating liquid precursors mixture followed by thermal curing. The thickness was measured by
ellipsometry. After oxidization by oxygen plasma, the recovery behaviors were evaluated through
dynamic contact angle measurements.
4.3.1 Thin film preparation
Thin films of crosslinked MT silicones were prepared by spin coating mixtures of liquid
precursors, MVT and MHT, with platinum catalyst on cleaned silicon wafer sections. However,
once platinum was added, hydrosilylation began to occur even at room temperature with gradual
increase in the viscosity over time. To minimize the influence of viscosity change on thin film
thickness under identical spin coating rates, a low concentration of platinum (0.3 ppm) was used.
Table 0.1 Thin film thickness of crosslinked MT silicones with precursor mixtures spin coated at
1000, 3000 and 6000 rpm.

Spin Rate

Coating weight

1000 rpm

6.649 mg

Calculated

Ellipsometer

thickness

measurement

16620 nm

X
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3000 rpm

2.177 mg

5440 nm

(5090 ± 7) nm

6000 rpm

1.3728 mg

3432 nm

(3079 ± 14) nm

to slow the hydrosilylation at room temperature. Thin films were then heat cured at 100 ℃ for one
hour. Thickness of crosslinked films was controlled by three selected spin rates, 1000, 3000, and
6000 rpm. By weighing the films with known wafer section surface areas, estimated thicknesses
were first calculated. The thickness of films spin coated at 1000 rpm was beyond the upper limit
of ellipsometry measurement (6000 nm), and the thickness of those spin coated at 3000 rpm was
also too close to this limit. 6000 rpm was considered optimal. The thickness data of crosslinked
MT silicone thin films are listed in Table 4.1.
The MT thin films were stored in closed, but not sealed, petri dishes at room temperature on
the benchtop. Dynamic advancing (θA) and receding (θR) contact angles were measured over a
week. Interestingly, both θA and θR gradually decreased with increase in contact angle hysteresis
Δ (θA-θR) (CAs data shown in Table 4.2 and Figure 4.2). Freshly prepared MT thin film exhibited
θA/θR = 101º/95º (6º hysteresis). After seven days, the same film exhibited θA/θR = 98º/86º (12º
hysteresis). Two possible reasons are proposed, but not yet proved. (1) Polymer chains on the
surface may undergo reconstruction after heat curing, resulting in contact angles that
macroscopically change. (2) The lab atmosphere with volatile silanes may contaminate the surface
with silane adsorption. From our perspective, this environmental contamination is more likely to
result in contact angle changes during storage. Therefore, wafer sections should be stored in closed,
sealed vials away from the lab atmosphere to minimize the contamination, although this was not
practical in our case. The contamination may also influence the hydrophobic recovery behaviors
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of oxidized surfaces. (Since all experimented surfaces were stored in the same lab atmosphere, this
factor was not taken into consideration when comparing the recovery rate of different silicones.)
Table 0.2 Advancing (θA) and receding (θR) contact angles, and hysteresis Δ (θA-θR) of crosslinked
MT thin films stored in closed (but not sealed) containers. Data on day 0 was obtained with a
freshly prepared MT thin film.
Advancing CA

Receding CA

Hysteresis

(θA)

(θR)

Δ

0

101 ± 0.8

95 ± 1.7

8 ± 0.6

4

99 ± 0.6

92 ± 1

11 ± 2

5

99 ± 1

88 ± 1.3

11 ± 1.7

6

99 ± 1

88 ± 0.6

11 ± 1.5

7

98 ± 0.6

86 ± 1.1

12 ± 1

Days of storage

Figure 0.2 Advancing (θA) and receding (θR) contact angles, and hysteresis Δ (θA-θR) of MT thin
films stored in closed (but not sealed) containers.

143

4.3.2 Oxidization conditions
According to the studies of PDMS, oxidization and post treatment storage conditions may
influence the rate and extent of hydrophobic recovery. Oxidization, which is the interaction
between the oxygen plasma and the surface, depends on multiple parameters, such as the intensity
and frequency of the radio frequency (RF) power used to excite the plasma, the amount of exposure
time, oxygen pressure and flow rate, and even the plasma chamber shape. None of these parameters
is independent. In reality, it is not possible to change one parameter without influencing others.
Two parameters were chosen based on their availability for adjustment of our oxygen plasma
cleaner. (1) The amount of surface exposure time was controlled with 20, 40, 60, 120 and up to
300 seconds. (2) The intensity of plasma was controlled by the instrument default setting with
three levels of power applied to the RF coil, low of 7.2 W, medium of 10.2 W and high of 29.6 W.
Contact angles of plasma treated MT thin films are shown as a function of exposure time in
Table 4.3 and Figure 4.3. The MT films with zero exposure time were those already stored in lab
space for a week, with θA/θR = 100º/86º. Another set of parallel experiments was done with freshly
prepared MT thin films with same results obtained. We came to the conclusion that the difference
in initial contact angles of MT thin films did not influence the result of plasma treatment. After
plasma treatment, both advancing and receding contact angles decreased until a plateau was
reached at 60 seconds (1 minute). The three surfaces treated over 60 seconds all became
hydrophilic with θA/θR = 5º/0º. The 0º receding CA indicated that water could completely wet the
surface.
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Table 0.3 Advancing (θA) and receding (θR) contact angles of MT thin films with an plasma
exposure time of 0, 20, 40, 60, 120 and 300 seconds.
Exposure Time (s)

θA

θR

0

100 ± 0.6

86 ± 1

20

87 ± 1.4

48 ± 1.1

40

24 ± 1

5 ± 0.6

60

5±0

0

120

4±0

0

300

5±0

0

Figure 0.3 Advancing (θA) and receding (θR) contact angles of MT thin films as a function of
plasma exposure time from 0, 20, 40, 60, 120 to 300 seconds.

Some studies on PDMS showed a correlation between long exposure and slow recovery.33,34
However, extreme exposure may cause surface cracks that facilitate the migration of LMW species,
accelerating the recovery process.35 The hydrophobic recovery behaviors of plasma treated MT
thin films were evaluated with dynamic contact angles as a function of oxidization time (Table
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4.4). The results of advancing contact angles are shown in Figure 4.4, receding contact angles in
Figure 4.5. The other parameter, the power applied to the RF coil, was kept at 29.6 W (High)
throughout these experiments. Comparing the hydrophobic recovery behaviors of surfaces plasma
treated for 60, 120 and 300 seconds (plateau values), the films all remained hydrophilic after 3
days of recovery. There was no change in the receding CA with plasma exposure time over 60
seconds (θR = 0º). However, the films with 120 seconds exposure exhibited the lowest advancing
contact angles at the end of the third day (θA = 21º). The second lowest advancing contact angles
after 3 days were present in films treated for 300 seconds (θA= 26º). In the case of MT thin films,
long exposure time did not result in slow recovery.
Table 0.4 The hydrophobic recovery behaviors of MT thin films over three days with plasma
exposure time of 20, 40, 60, 120 and 300 seconds, shown in the values of dynamic contact angles.
The power applied to the RF coil was 29.6 W (High). Day 0 refers to contact angles of MT thin
films right after plasma treatment.
Exposure Time (s)

Days of
recovery

20

40

60

120

300

0

87º / 48º

24º / 5º

5º / 0º

4º / 0º

5º / 0º

1

90º / 53º

39º / 21º

18º / 0º

20º / 0º

27º / 0º

2

90º / 57º

41º / 21º

18º / 0º

20º / 0º

25º / 0º

3

89º / 57º

42º / 21º

27º / 0º

21º / 0º

26º / 0º
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Figure 0.4 The hydrophobic recovery behaviors of MT thin films (treated with various plasma
exposure times) in terms of advancing contact angles as a function of recovery time. The power
applied to the RF coil was 29.6 W (High). The exact values of each point are displayed in Table
4.4.

Figure 0.5 The hydrophobic recovery behaviors of MT thin films (treated with various plasma
exposure times) in terms of receding contact angles as a function of recovery time. The power
applied to the RF coil was 29.6 W (High). The exact values of each point are displayed in Table
4.4.
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The plasma intensity was controlled by the instrument default setting with three levels of
power applied to the RF coil, low of 7.2 W, medium of 10.2 W and high of 29.6 W. Under the
same (optimized) exposure time of 120 seconds, the MT surfaces all turned hydrophilic regardless
of the power level, θA/θR = 4º/0º. However, a high power applied to the RF coil will lead to a high
concentration of plasma species with high kinetic energies, which may result in surface damages,
such as cracks, that will facilitate the migration of LMW species and result in a fast recovery
behavior. Therefore, the hydrophobic recovery behaviors of MT thin films treated with three levels
of power were evaluated by dynamic contact angles (Table 4.5 and Figure 4.6). The MT surfaces
all remained 0º receding contact angles even after three days of recovery regardless of power level.
However, the advancing contact angles differed. When 10.2 W power (medium) was applied to
the RF coil, the plasma treated surface had the slowest rate of recovery in terms of advancing CA.
After three days of recovery, MT thin films treated with medium power (10.2 W) exhibited θA/θR
= 19º/0º.
Table 0.5 The hydrophobic recovery behaviors of MT thin films was monitored with dynamic
contact angles over three days. The thin films were treated with three levels of power applied to
RF coil, 7.2 W (low), 10.2 W (medium) and 29.6 W (high). Plasma exposure time was kept at 120
seconds (optimized). Day 0 refers to contact angles of MT thin films right after plasma treatment.
Days of

Power
29.6 W

10.2 W

7.2 W

(High)

(Medium)

(Low)

0

4º / 0º

4º / 0º

5º / 0º

1

21º / 0º

21º / 0º

21º / 0º

2

26º / 0º

22º / 0º

23º / 0º

3

26º / 0º

19º / 0º

27º / 0º

recovery
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Figure 0.6 The hydrophobic recovery behaviors of MT thin films (treated with three levels of
power applied to the RF coil) in terms of dynamic contact angles as a function of recovery time.
Solid circles represent advancing contact angles and open circles represent for receding contact
angles. The exact values of each point are displayed in Table 4.5.

An important issue to mention is that wafer sections were stored in petri dishes in the lab,
while environment contaminations of lab space were not excluded. Adsorption of volatile silanes
in the lab environment to the hydrophilic surface may contribute to the process of hydrophobic
recovery. If stored in a well-sealed containers in lab space without contaminations, the recovery
rate will be even slower than what exhibited above.
4.3.3 Post storage conditions
According to the studies on PDMS, post treatment storage conditions may also affect the rate
and extent of hydrophobic recovery. Certain storage conditions include humidity, temperature,
pressure and solvents. If stored in a polar environment, for example, immersed under water, the
recovery rate of PDMS was observed to decrease.18,36,37 In our case, since environmental
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contamination is unavoidable, and humidity control is inaccessible in the lab, temperature was
chosen as the condition to evaluate. According to the established mechanism, the rate of all factors,
including reorientation of hydrophilic groups to the bulk, condensation of surface silanol or
migration of LMW species to the surface, will increase if oxidized films are stored at elevated
temperature. Three recovery temperatures were chosen, room temperature, 50 ℃ and 100 ℃ with
the same plasma exposure time (120 seconds) and 10.2 W power applied to the RF coil (medium).
The recovery data of dynamic contact angles was shown in Table 4.6 and Figure 4.7.
After three days of recovery, the final contact angles of plasma treated MT thin films
recovered at room temperature, 50 ℃, and 100 ℃ were 19º/0º, 30º/0º and 28º/0º, respectively. The
recovery rate slightly increased with storage temperature. However, the temperature influence was
not sharp. It may be due to the highly crosslinked network of MT silicones. Almost no LMW
species pre-existed in the network, and few LMW species were generated during oxidization.
Under optimized oxidation conditions (time and power), the surface of MT silicones remained
hydrophilic over three days.
Table 0.6 The hydrophobic recovery behaviors of MT thin films were monitored by dynamic
contact angles over three days with three recovery temperatures, R.T., 50 ℃ and 100 ℃. The
exposure time was kept at 120 s and power applied to the RF coil was kept at 10.2 W (medium).
Temperature

Days of
recovery

R.T.

50 ℃

100 ℃

0

4º / 0º

4º / 0º

5º / 0º

1

21º / 0º

24º / 0º

21º / 0º

2

22º / 0º

29º / 0º

17º / 0º

3

19º / 0º

30º / 0º

28º / 0º
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Figure 0.7 The hydrophobic recovery behaviors of MT thin films stored at room temperature, 50 ℃
and 100 ℃, as a function of recovery time. Solid circles represent advancing contact angles and
open circles represent for receding contact angles. The exact values of each point are displayed in
Table 4.6.

Temperature
R.T.
50 ºC
100 ºC

Numerous data on contact angles of PDMS hydrophobic recovery are available in the
literature.18 However, it is difficult to compare these data in parallel. The oxidization conditions
were not comparable in terms of plasma intensity, oxygen pressure and flow rate, and even the
shape of plasma chamber. The materials reported were slightly different as well in terms of
formulations. To compare our MT silicones with commercially available PDMS, we purchased
Sylgard® 184 silicone elastomer kit and Elastosil® 2030 silicone film. The viscous liquid premixture of Sylgard® silicone elastomer was spin coated on a silicon wafer section and cured at
100 ℃ for one hour (same curing condition as MT silicones). The untreated surface was smooth,
exhibiting contact angles of 104º/95º. Elastosil® 2030 silicone film was directly placed on a silicon
wafer section. The untreated film was also smooth, exhibiting contact angles of 105º/79º. All the
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surfaces were treated in the same plasma cleaner for 120 seconds with 10.2 W power applied to
the RF coil (medium), and then recovered at room temperature in the same lab space. During the
recovery process, the surfaces of MT silicones and Elastosil® 2030 silicone films remained
perfectly smooth, and contact angles throughout the film surface was constant. However, in the
case of Sylgard® silicone elastomer film, the entire film recovered at different rate. Film center
recovered faster than film edge, resulting in large deviation in contact angle values. The recovery
data comparisons are shown in Table 4.7 and Figure 4.8.
Table 0.7 The hydrophobic recovery behavior of MT silicones, Sylgard® 184 silicone elastomer
and Elastosil® 2030 silicone film as a function of recovery time.

MT silicones

Materials
Sylgard® 184

Elastosil® 2030

0

4º / 0º

4º / 0º

4º / 0º

1

21º / 0º

20º / 7º

28º / 10º

2

22º / 0º

28º / 8º

41º / 22º

3

19º / 0º

41º / 17º

49º / 24º

Days of
recovery

Figure 0.8 The hydrophobic recovery behaviors of MT silicones, Sylgard® 184 silicone elastomer,
and Elastosil® 2030 silicone film as a function of recovery time. Solid circles represent advancing
contact angles, and open circle represent receding contact angles.
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Structures for MT silicones are drawn in Chapter 2. Sylgard® 184 silicone elastomer and
Elastosil® 2030 silicone film are crosslinked PDMS networks. All surfaces retained their
hydrophilicity after three days of recovery. However, MT silicone has the lowest recovery rate
with the most hydrophilic surface after three days, exhibiting 19º/0º, while Sylgard® 184 and
Elastosil® 2030 exhibit 41º/17º and 49º/24º, respectively. The receding CA of MT silicone stay at
0º for at least three days, exhibiting excellent ability to maintain its hydrophilicity. Due to the
highly crosslinked network of MT silicones, there are almost no pre-existing LMW species, and
very few volatile LMW species can be generated during oxidization, which gives MT silicones
superior ability to maintain its hydrophilicity.
4.3.4 Flexible silicones
As shown above, the surface of crosslinked MT silicones exhibit slower hydrophobic
recovery than commercial PDMS network silicones. However, MT silicones are hard and tough,
with a compressive modulus over 150 MPa (see Chapter 3), and films of MT silicones are rigid
and brittle. In some applications, such as soft lithography38 and microfluidics35, soft and flexible
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materials are needed for stamps and microchannels. The soft and flexible MDT silicones by
titrating D into MT silicones (Chapter 3) were treated with oxygen plasma first to obtain a
hydrophilic, silica-like surface, and surface hydrophobic recovery was then investigated.
We began these experiments with MDT silicone prepared from MHT and MVDT copolymers
with controlled D:T ratio in feed. With the same spin coating method described for MT silicones,
MDT thin films were obtained on silicon wafers, exhibiting average contact angles of 97º/90º. The
surfaces were then treated with oxygen plasma under the optimized conditions above, and all
surfaces became hydrophilic (θA/θR = 5º/0º) regardless of D:T ratio in feed. The recovery process
Table 0.8 The hydrophobic recovery behaviors of MDT silicone crosslinked from MHT and MVDT
copolymers with D:T ratio from 0:1 to 2:1.

0.25:1

D:T ratio in feed
0.5:1

1:1

2:1

4º / 0º

5º / 0º

5º / 0º

5º / 0º

5º / 0º

1

21º / 0º

13º / 0º

21º / 0º

36º / 16º

36º / 20º

2

22º / 0º

20º / 0º

24º / 0º

42º / 29º

50º / 37º

3

19º / 0º

23º / 0º

40º / 17º

49º / 38º

58º / 47º

Days of
recovery

0:1

0

(Table 4.8) was monitored at room temperature in the lab space. From the structures of crosslinked
MDT silicones (Chapter 3), it is not hard to predict that there are chances to produce LMW species
such as some cyclic siloxanes, but the amount of LMW species should be less than those of PDMS
networks. These MDT silicone surfaces are expected to have a lower recovery rate than PDMS
networks.

154

Most obviously, there is a positive correlation between recovery rate and D:T ratio in feed
(Figure 4.9 and Figure 4.10). Although all of MDT silicone surfaces stayed hydrophilic after three
days of recovery, when D:T ratio reached 1:1, the contact angles of surfaces recovered for three
days are higher than those of Sylgard 184® elastomer and Elastosil 2030® silicone. In other words,
MDT silicones crosslinked from MHT and MVDT copolymers prepared with D to T feed ratio less
than 1:1 presented lower recovery rate than Sylgard 184® and Elastosil 2030® silicone.
Figure 0.9 Advancing contact angles recovery of MDT silicone thin films crosslinked from MHT
and MVDT copolymers varying the D:T ratio in feed.

Figure 0.10 Receding contact angles recovery of MDT silicone thin films crosslinked from MHT
and MVDT copolymers varying the D:T ratio in feed.
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The network structures of MDT silicone will influence the difficulty in generating LMW
species, thus the hydrophobic recovery rate. We obtained three types of vinyl-functionalized MDT
copolymer with M to D to T ratio in feed of 1:1:1 with the functional vinyl group on M (MVDT),
D (MDVT) or T (MDTV). Their representative structures are drawn in Chapter 3. The MDT thin
films crosslinked from three types of vinyl-functionalized MDT copolymers with MHT copolymer
were prepared by spin coating the precursor mixture on silicon wafers. With the same (optimized)
oxidization conditions, the thin films were allowed to recover at room temperature and monitored
by dynamic CAs (Table 4.9). The MDT silicones crosslinked from MVDT exhibited the slowest
recovery, while the rates of MDT silicones crosslinked from MDVT and MDTV were similar
(Figure 4.11 and Figure 4.12). It can be concluded that the network structures of MDT silicones
from MVDT are more resistant to the formation of LMW species.
Table 0.9 Dynamic contact angles recovery of MDT silicone thin films crosslinked from MHT and
three types of vinyl-functionalized MDT copolymers, MVDT, MDVT and MDTV.
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Days of

Vinyl-functionalized MDT copolymers

recovery

MVDT

MDVT

MDTV

0

5º / 0º

5º / 0º

5º / 0º

1

36º / 16º

43º / 27º

39º / 23º

2

42º / 29º

53º / 39º

58º / 44º

3

49º / 38º

65º / 48º

64º / 51º

Figure 0.11 Advancing contact angles recovery of MDT silicone thin films crosslinked from MHT
and three types of vinyl-functionalized MDT copolymers, MVDT, MDVT and MDTV.
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Figure 0.12 Receding contact angles recovery of MDT silicone thin films crosslinked from MHT
and three types of vinyl-functionalized MDT copolymers, MVDT, MDVT and MDTV.

4.4 Conclusions
Thin films of MT and MDT silicones were prepared by spin coating liquid precursor mixtures
with catalyst on cleaned silicon wafer. The films with hydrophobic surface became hydrophilic
upon oxidization by oxygen plasma. The surface hydrophobicity gradually recovered over three
days with various rates. The oxidization conditions of plasma were optimized as 120 seconds with
a power of 10.2 W applied to the RF coil. MT silicones exhibited the slowest recovery since it was
the most difficult material to form LMW species due to the highly crosslinked network. The
flexible MDT silicones exhibited slower hydrophobic recovery than Sylgard® 184 and Elastosil®
2030 material if D:T ratio in feed from MVDT was less than 1:1. The network structures of MDT
silicone is also another factor that influences the formation of LMW species. The network
structures of MDT silicones from MVDT are more resistant to the formation of LMW species.
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APPENDIX.
PHOSPHORUS-CONTAINING SILICONES AS NEW FLAME RETARDANT
MATERIALS
1. Introduction
The utilization of synthetic polymers spreads to numerous areas and provides great
advantages over traditional materials such as metals, ceramics and natural polymers. However,
since synthetic polymers are mostly carbon-based and combustible, a major problem arises that
polymer-based products need to have satisfactory degree of fire resistance to ensure public safety.
The development of flame retardants (FRs) has become an active issue in both academic research
and industrial manufactures.
The combustion of polymers is a complex process. Heat, one or more combustibles and a
combustive (usually oxygen) are three components to maintain a combustion cycle, called fire
triangle1 (Figure A.1). The combustion cycle involves four major steps, ignition, pyrolysis,
combustion, and feedback.2 After the initial ignition, the pyrolysis of polymers under heat
generates flammable volatiles which undergo exothermic combustion with oxygen. The heat
evolved provides feedback that is sufficient to keep the rate of decomposition to maintain the
concentration of flammable volatiles. A schematic model of this process could also explain the
mechanism of FRs (Figure A.2).3 In the gas phase, the volatiles from the polymer react with
oxygen and release heat. In the condensed phase of polymers, three layers are identified. The char
layer controls the mass and heat transfers between the two phases. The molten polymer layer is
where the pyrolysis happens, and the volatiles generated migrate to the gas phase through the
microporous char layer. The underlying polymer layer remains intact.
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Figure A. 1 The fire triangle of the principles of the combustion cycle, derived from reference 1.

Figure A. 2 A schematic model of the combustion cycle and the mechanism of flame retarfantss,
derived from reference 2.

FRs act physically or chemically to inhibit or stop the polymer combustion described above.4,5
In the physical action, the endothermic decomposition of FRs acts as heat sink to cool the
temperature below polymer combustion temperature. The decomposition is also accompanied with
release of inert gases to dilute flammable volatiles. In addition, some FRs form a protective solid
or gaseous layer to reduce both heat transfer and mass transfer (i.e. combustible volatiles). In the
chemical action, FRs can function in the gas phase by releasing free radicals, such as Cl• and Br•,
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which combine with reactive radicals in the combustion cycle, such as H• and OH•, to form less
reactive, even inert molecules. FRs can also form a carbonized layer by chemically transforming
the degrading polymer, and the layer can also function as a physical barrier for heat and mass
transfer.
Conventional FRs are often halogenated. They act primarily by chemical generation of free
radicals in the gas phase.6 However, the fact that certain halogenated FRs are intrinsically toxic
restricts their usage due to health concerns. Therefore, halogen-free FRs are much needed.
Phosphorus- and silicon-containing FRs have begun to receive attention. Phosphorus-based FRs
act in the condensed phase by either forming a protective char layer or directing the reaction to
yield carbonaceous residue rather than CO or CO2.7 Silicon-based FRs function by forming char
barrier layers and trapping active radicals in the gas phase.8,9 Both types of FRs can be physically
blended into the polymeric system or chemically incorporated to polymer chains. The combination
of phosphorus and silicon in the FRs was reported by Januszewski, et al.10 They successfully
incorporated two biphenyl phosphates into crosslinked silicone rubber with excellent flame
retardant behaviors.10
In 1978, a unique and simple route to synthesize silylalkyl phosphonate was reported by
Plueddemann.11 In his invention, silylalkyl phosphonate was obtained via reaction of halogenated
silanes, with a formula of R3SiR’X, and methyl phosphonates under the catalysis of amine or
phosphine (Scheme A.1). Following example 2 in this patent, trimethoxysilylalkyl phosphonate,
a novel T monomer, was synthesized from 3-cloropropyl trimethoxysilane, as is shown in Scheme
A.2. This monomer can be applied to the well-established MT or MDT platform described in the
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previous chapters for new silicones with phosphorus loaded with possibly supreme flame
retardance behavior.
Scheme A.1 Halogenated silanes reacting with methyl phosphonates under the catalysis of amine
or phosphine yields silylalkyl phosphonate.

Scheme A.2 The synthesis route of 3-trimethoxysilylpropyl methylmethoxy phosphonate, with
presumably more mono-substituted product.
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2. Results and discussion
The characterization included NMR and FT-IR. 1H NMR spectra of the three reagents are
shown in Figure A.3. A 29Si NMR spectrum of 3-chloropropyl trimethoxysilane is shown in Figure
A.4. 31P NMR spectrum of methyldimethoxy phosphonate is shown in Figure A.5. 1H NMR of
N,N-dimethylbenzylamine (500 MHz, CDCl3): δ (ppm) = 2.27 (s,6H), 3.44 (s,2H), 7.33 (m,5H).
1

H NMR of 3-chloropropyl trimethoxysilane (500 MHz, CDCl3): δ (ppm) = 0.69 (m,2H), 1.80

(m,2H), 3.45 (t,2H), 3.50 (s,9H).
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Si NMR(500 MHz, CDCl3): δ (ppm) = -42.93. 1H NMR of

methyldimethoxy phosphonate (500 MHz, CDCl3): δ (ppm) = 1.14 (d, 3H), 3.40 (d,6H). 31P NMR
(500 MHz, CDCl3): δ (ppm) = 32.81. IR spectra of 3-chloropropyl trimethoxysilane and
methyldimethoxy phosphonate are shown in Figure A.6. In the IR spectrum of 3-chloropropyl
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trimethoxysilane, several characteristic bands are identified, C-H stretch at 2940 cm-1, Si-O stretch
at 1069 cm-1, and C-Cl stretch at 804 cm-1. In the IR spectrum of methyldimethoxy phosphonate,
two signature bands include P=O bond at 1236 cm-1, and P-O bond at 1016 cm-1.
Figure A. 3 1H NMR spectra of N,N-dimethylbenzylamine (blue), 3-chloropropyl trimethoxysilane (red), and methyldimethoxy phosphonate (black).

Figure A. 4 29Si NMR spectrum of 3-chloropropyl trimethoxysilane.
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Figure A. 5 31P NMR spectrum of methyldimethoxy phosphonate.

Figure A. 6 IR spectra of 3-chloropropyl trimethoxysilane (top) and methyldimethoxy
phosphonate (bottom).
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1 equiv. 3-chloropropyl trimethoxysilane (0.1 mol, 20 g) and 0.5 equiv. methyldimethoxy
phosphonate (0.05 mol, 6 g) was mixed in a 250 mL round bottom flask with 0.01 equiv. N,Ndimethylbenzylamine (0.001 mol, 150 μL). The mixture was then heated from 100 ℃ to 182 ℃
over an hour, and the crude liquid remained clear, with some white precipitation observed in the
end. Methyl chloride generated was directed to dissolve in toluene with known weight. After
cooling to room temperature, 0.1 g of sodium bicarbonate Na2CO3 was added to the crude product.
After careful distillation of the crude liquid, several portions were obtained.
As mentioned in the patent, mono-substituted (110-150 ℃) and di-substituted phosphonate
(150-220 ℃) distilled at different temperatures that did not overlap with each other, and 22.5 g
mono-substituted and 1.5 g di-substituted phosphonate were expected. However, the real situation
did not align with the patent. Excess 3-chloropropyl trimethoxysilane was used to ensure the
maximum yield of mono-substituted phosphonate. 3.17 g increase of methyl chloride was obtained
in the weighed toluene. Six portions of liquid were obtained during distillation. the flask with crude
mixture needed to be buried in a sand bath since distillation did not happen until the flask was
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heated to 180 ℃, while the vapor temperature was only 40℃ (portion 1). After the vapor
temperature gradually increased to 90℃ (portion 2), it stayed between 90-96 ℃ during portion 3,
and 96-97 ℃ during portion 4. Then the vapor temperature suddenly dropped from 96 ℃ to below
90 ℃, where portion 5 and 6 were collected. The vapor temperatures, weights and appearance
descriptions of all six portions are listed in Table A.1, and the appearances of portions 2-6 are
shown in Figure A.7.
Table A. 1 The vapor temperatures, weights and appearances of each portion distilled.
Portion
#

Vapor
Temperature (℃)

Weight (g)

Appearance

1

41

0.39

Transparent liquid. White precipitation
occurred after a few minutes. Formed
opaque solution in chloroform.

2

41-90

4.16

Transparent liquid. Turned cloudy after
10 mins

3

90-96

3.47

Transparent liquid

4

96-97

3.53

Transparent liquid. Turned to cloudy
liquid

5

86-93

8.8

Transparent liquid. Turned to yellow and
cloudy liquid

6

80-90

1.75

Transparent liquid. Turned to yellow with
high viscosity
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Figure A. 7 The final appearance of portion 2-6.

The characterization of each portion includes NMR and FT-IR. The NMR spectra include 1H,
29

Si and 31P, shown from Figure A.8 to Figure A.10. The chemical shifts of each proton in mono-

substituted phosphonate in 1H NMR are labeled in Scheme A.3. In portion 1-4, there was no
product present, only a mixture of dimethyl methylphosphonate and 3-chloropropyltrimethoxysilane, shown in 1H NMR and 29Si NMR. Silyl ether phosphonate appreared in portion 5 and 6.
The integral of each peak in the 1H NMR spectrum showed a mixture of mono-substituted and disubstituted phosphonate. This also was proved by two distinguished peaks at -40 ppm in 29Si NMR.
The reagents were not fully reacted, and separation of two phosphonates were unsuccessful.
Scheme A.3 The chemical shifts of each proton in the mono-substituted phosphonate in 1H NMR.
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Figure A. 8 1H NMR spectra of six portions from distillation.

Figure A. 9 29Si NMR spectra of six portions from distillation.
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Figure A. 10 31P NMR spectra of six portions from distillation.

3. References
(1) Laoutid, F.; Bonnaud, L.; Alexandre M.; Lopez-Cuesta, J.-M.; Dubois, Ph. New Prospects
in Flame Retardant Polymer Materials: From Fundamentals to Nanocomposites. Mater. Sci. Eng.
2009, 63, 100-125.
(2) Dasari, A.; Yu, Z.; Cai, G.; Mai, Y. Recent Developments in the Fire Retardancy of
Polymeric Materials. Prog. Polym. Sci. 2013, 38, 1357-1387.
(3) Wang, X.; Kalali, E. N.; Wan, J.; Wang, D. Carbon-Family Materials for Flame Retardant
Polymeric Materials. Prog. Polym. Sci. 2017, 69, 22-46.
(4) Lewin, M.; Weil, E. D. Mechanisms and Modes of Action in Flame Retardancy of Polymers.
Fire Retardant Materials 2001, 1, 31-68.
(5) Camino, G.; Costa, L.; Cortemiglia, M. P. L. Overview of Fire Retardant Mechanisms.
Polym. Degrad. Stab. 1991, 33, 131-154.
174

(6) Bocchini, S.; Camino, G. In Flame Retardancy of Polymeric Materials, 2nd ed.; Taylor &
Francis Group: Boca Raton, FL, 2010; Chapter 4 Halogen-Containing Fire Retardant Compounds,
pp 246-281.
(7) Lu, S.; Hamerton, I. Recent Developments in the Chemistry of Halogen-Free Flame
Retardant Polymers. Prog. Polym. Sci. 2002, 27, 1661-1712.
(8) Zaikov, G. E.; Lomakin, S. M. Polymer Flame Retardancy: a New Approach. J. Appl.
Polym. Sci. 1998, 68, 715-725.
(9) Hamdani, S.; Longuet, C.; Perrin, D.; Lopez-Cuesta, J.-M.; Ganachaud, F. Flame
Retardancy of Silicone-Based Materials. Polym. Degrad. Stab. 2009, 94, 465-495.
(10) Januszewski, R.; Dutkiewicz, M.; Maciejewski, H.; Marciniec, B. Synthesis and
Characterization of Phosphorus-Containing, Silicone Rubber Based Flame Retardant Coatings.
React. Funct. Polym. 2018, 123, 1-9.
(11) Plueddemann E. P. Preparation of silylalkyl esters of phosphorus. U.S. Patent 4,093,641,
1978.

175

BIBLIOGRAPHY
Arkles, B.; Larson, G. L. Silicon Compounds: Silanes and Silicones, 3rd ed.; Gelest Inc:
Morrisville, PA, 2013.
ASTM Standard D695-15, "Standard test method for compressive properties of rigid plastics,"
ASTM International, West Conshohocken, PA.
Bacharouche, J.; Haidara, H.; Kunemann, P.; Vallat, M. F.; Roucoules, V. Singularities in
Hydrophobic Recovery of Plasma Treated Polydimethylsiloxane Surfaces Under NonContaminant Atmosphere. Sensors and Actuators A: Physical 2013, 197, 25-29.
Bailey, D. S.; Katsoulis, D. E.; Suto, M.; Zhu, B. Reinforced Silicone Resin Film and Method
of Preparing Same. US Patent 8,092,910 B2, Jan 10, 2012.
Baney, R. H.; Itoh, M.; Sakakibara, A.; Suzuki, T. Silsesquioxanes. Chem. Rev. 1995, 95,
1409-1430.
Barry, A.J.; Daudt, W. H.; Domicone, J. J.; Gilkey, J. W. Crystalline Organosilsesquioxanes.
U.S. Patent 2,465,188, March 22, 1949.
Barry, A.J.; Gilkey, J. W. Alkylsilsesquioxanes. J. Am. Chem. Soc. 1955, 77, 4248-4252.
Bausch, G. G.; Stasser, J. L.; Tonge, J. S.; Owen, M. J. Behavior of Plasma-treated Elastomeric
Polydimethylsiloxane Coatings in Aqueous Environment. Plasmas Polym. 1998, 3, 23−34.
Bening, R. C.; McCarthy, T. J. Surface Modification of Poly(tetrafluoroethylene-cohexafluoropropylene). Introduction of Alcohol Functionality. Macromolecules 1990, 23, 26482655.
Berzelius M. XLII. On the Mode of Obtaining Silicium, and on the Characters and Properties
of that Substance. Philo. Mag. 1825, 65, 254-267.

176

Bian, P.; Wang, Y.; McCarthy, T. J. Rediscovering Silicones: The Anomalous Water
Permeability of “Hydrophobic” PDMS Suggests Nanostructure and Applications in Water
Purification and Anti-Icing. Macromol. Rapid Commun. 2021, 42, 2000682.
Bocchini, S.; Camino, G. In Flame Retardancy of Polymeric Materials, 2nd ed.; Taylor &
Francis Group: Boca Raton, FL, 2010; Chapter 4 Halogen-Containing Fire Retardant Compounds,
pp 246-281.
Bodas, D.; Khan-Malek, C. Hydrophilization and Hydrophobic Recovery of PDMS by Oxygen
Plasma and Chemical Treatment: An SEM Investigation. Sens. Actuators, B 2007, 123, 368−373.
Brown, J. F., Jr. The Polycondensation of Phenylsilanetriol. J. Am. Chem. Soc. 1965, 87, 43174324.
Brown, J. F., Jr.; Vogt, J. H., Jr.; Katchman, A.; Eustance, J. W.; Kiser, K. M.; Krantz, K. W.
Double Chain Polymers of Phenylsilsesquioxane. J. Am. Chem. Soc. 1960, 82, 6194-6195.
Brook, M. A. Silicon in Organic, Organometallic, and Polymer Chemistry. Wiley: New York,
2000.
Butts, M.; Cella, J.; Wood, C. D.; Gillette, G.; Kerboua, R.; Leman, J.; Lewis, L.; Rubinsztajn,
S.; Schattenmann, F.; Stein, J.; Wicht, D.; Rajaraman, S.; Wengrovius, J. Silicones. In
Encyclopedia of Polymer Science and Technology, 2nd ed.; Wiley & Sons: New York, 2003; Vol.
11, pp 765-841.
Butts, M.; Cella, J.; Wood, C. D.; Gillette, G.; Kerboua, R.; Leman, J.; Lewis, L.; Rubinsztajn,
S.; Schattenmann, F.; Stein, J.; Wicht, D.; Rajaraman, S.; Wengrovius, J. Silicones. In KirkOthmer Encyclopedia of Chemical Technology; Wiley & Sons: New York, 2006; Vol. 22, pp 547626.

177

Camino, G.; Costa, L.; Cortemiglia, M. P. L. Overview of Fire Retardant Mechanisms. Polym.
Degrad. Stab. 1991, 33, 131-154.
Camino, G.; Lomakin, S. M.; Lageard M. Thermal Polydimethylsiloxane Degradation. Part 2.
The Degradation Mechanisms. Polymer 2002, 43, 2011-2015.
Chalk, A. J.; Harrod, J. F. Homogeneous Catalysis. II. The Mechanism of the Hydrosilation of
Olefins Catalyzed by Group VIII Metal Complexes. J. Am. Chem. Soc. 1965, 87, 16-21.
Chan, C. M.; Ko, T. M.; Hiraoka, H. Polymer Surface Modification by Plasmas and Photons.
Surface Science Reports 1996, 24, 1-54.Clark, D. T.; Feast, W. J. Polymer Surfaces; WileyInterscience: New York, 1978.
Cordes, D. B.; Lickess, P. D.; Rataboul, F. Recent Developments in the Chemistry of Cubic
Polyhedral Oligosilsesquioxanes. Chem. Rev. 2010, 110, 2081-2173.
Costello, C. A.; McCarthy, T. J. Surface-Selective Introduction of Specific Functionalities onto
Poly(tetrafluoroethylene). Macromolecules 1987, 20, 2819-2828.
Cypryk, M.; Apeloig, Y. Mechanism of the Acid-Catalyzed Si-O Bond Cleavage in Siloxanes
and Siloxanols. A Theoretical Study. Organometallics 2002, 21, 2165-2175.
Damrauer, R.; Simon, R.; Krempp, M. Effect of Substituents on the Gas-Phase Acidity of
Silanols. J. Am. Chem. Soc. 1991, 113, 4431-4435.
Dasari, A.; Yu, Z.; Cai, G.; Mai, Y. Recent Developments in the Fire Retardancy of Polymeric
Materials. Prog. Polym. Sci. 2013, 38, 1357-1387.
David, R. L. CRC Handbook of Chemistry and Physics, 86th ed.; CRC Press: Boca Raton, FL,
2005.

178

Dias, A. J.; McCarthy, T. J. Synthesis of a Two-Dimensional Array of Organic Functional
Groups: Surface-Selective Modification of Poly(vinylidene fluoride). Macromolecules 1984, 17,
2529-2531.
Dvornic, P. R.; Lenz, R. W. High Temperature Siloxane Elastomers; Hüthig and Wepf: Basel,
Switzerland, 1990.Fadeev, A. Y.; McCarthy, T. J. Surface Modification of Poly(ethylene
terephthalate) to Prepare Surfaces with Silica-Like Reactivity. Langmuir 1998, 14, 5586-5593.
Flagg, D. H. Polyorganosiloxanes: Molecular Nanoparticles, Nanocomposites and Interfaces.
Doctoral Dissertations. 2017, 1080.
Flagg, D. H.; McCarthy, T. J. Rediscovering Silicones: MQ Copolymers. Macromolecules,
2016, 49, 8581-8592.
Franchina, N. L.; McCarthy, T. J. Surface Modifications of Poly(ether ether ketone).
Macromolecules 1991, 24, 3045-3049.
Frye, C. L.; Klosowski, J. M. Concerning the So-Called “Ladder Structure” of Equilibrated
Polyphenylsilsequioxane. J. Am. Chem. Soc. 1971, 93, 4599-4601.
Gilliam, W. F.; Liebhafsky, H. A.; Winslow, A. F. Dimethyl Silicon Dichloride and Methyl
Silicon Trichloride. J. Am. Chem. Soc. 1941, 63, 801-803.
Gao, L.; McCarthy, T. J. How Wenzel and Cassie Were Wrong. Langmuir 2007, 23, 37623765.
Gao, L.; McCarthy, T. J. Contact Angle Hysteresis Explained. Langmuir 2006, 22, 6234-6237.
Gilbert, A. R.; Kantor, S. W. Transient Catalysts for the Polymerization of Organosiloxanes.
J. Polym. Sci. 1959, 40, 35-58.

179

Gordon, G. V.; Schmidt, R. G.; Wieber, G. M. Moldable Compositions Containing Carbinol
Functional Silicone Resins or Anhydride Functional Silicone Resins. WO Patent, 2006/047318 A1,
May 4, 2006.
Graiver, D.; Farminer, K. W.; Narayan, R. A Review of the Fate and Effects of Silicones in
the Environment. J. Polym. Environ. 2003, 11, 129-136.
Hamdani, S.; Longuet, C.; Perrin, D.; Lopez-Cuesta, J.-M.; Ganachaud, F. Flame Retardancy
of Silicone-Based Materials. Polym. Degrad. Stab. 2009, 94, 465-495.
Hillborg, H.; Ankner, J. F.; Gedde, U. W.; Smith, G. D.; Yasuda, H. K.; Wikström, K.
Crosslinked Polydimethylsiloxane Exposed to Oxygen Plasma Studied by Neutron Reflectometry
and Other Surface Specific Techniques. Polymer 2000, 41, 6851-6863.
Hillborg, H.; Gedde, U. W. Hydrophobicity Recovery of Polydimethylsiloxane After Exposure
to Corona Discharges. Polymer 1998, 39, 1991-1998.
Hillborg, H.; Karlsson, S.; Gedde, U. W. Characterisation of Low Molar Mass Siloxanes
Extracted from Crosslinked Polydimethylsiloxanes Exposed to Corona Discharges. Polymer 2001,
42, 8883-8889.
Hillborg, H.; Sandelin, M.; Gedde, U. W. Hydrophobic Recovery of Polydimethylsiloxane
After Exposure to Partial Discharges as a Function of Crosslink Density. Polymer 2001, 42, 73497362.
Horstman, J. B.; Schmidt, R.; Wieber, G. M.; Witucki, G. L. Blocked Isocyanate Silicone
Resins. WO Patent 2008/088491 A1, July 24, 2008.Hurd, C. B. Studies on Siloxanes. I. The
Specific Volume and Viscosity in Relation to Temperature and Constitution. J. Am. Chem. Soc.
1946, 68, 364-370.

180

Hyde, J. F.; Delong, R. C. Condensation Products of the Organo-Silane Diols. J. Am. Chem.
Soc. 1941, 63, 1194-1196.
Januszewski, R.; Dutkiewicz, M.; Maciejewski, H.; Marciniec, B. Synthesis and
Characterization of Phosphorus-Containing, Silicone Rubber Based Flame Retardant Coatings.
React. Funct. Polym. 2018, 123, 1-9.
Johnson, B.; Leaym, T. M.; Caprasse, V.; Van Reeth, I. M. E. Aminofunctional silicone resin
for cosmetic compositions. UK Patent GB 2,403,406A, May 1, 2005.
Kantor, Simon W. "The hydrolysis of methoxysilanes. Dimethylsilanediol." Journal of the
American Chemical Society 75.11 (1953): 2712-2714.
Kantor, S. W.; Grubb, W. T.; Ostoff, R. C. The Mechanism of the Acid- and Base-Catalyzed
Equilibration of Siloxanes. J. Am. Chem. Soc. 1954, 76, 5190-5197.
Karstedt, B.; Scotia, N. Y. Platinum Complexes of Unsaturated Siloxanes and Platinum
Containing Organopolysiloxanes. U.S. Patent 3,775,452, November 27, 1973.
Kato, Kazuaki, Yuta Ikeda, and Kohzo Ito. "Direct determination of cross-link density and its
correlation with the elastic modulus of a gel with slidable cross-links." ACS Macro Letters 8.6
(2019): 700-704.
Kipping, F. S. The Bakerian Lecture: Organic Derivatives of Silicon. Proc. Math. Phys. Eng.
Sci. 1937, 159, 139-148.
Kim, J.; Chaudhury, M. K.; Owen, M. J. Hydrophobic Recovery of Polydimethylsiloxane
Elastomer Exposed to Partial Electrical Discharge. J. Colloid Interf. Sci. 2000, 226, 231-236.
Kim, J.; Chaudhury, M. K.; Owen, M. J.; Orbeck, T. The Mechanisms of Hydrophobic
Recovery of Polydimethylsiloxane Elastomers Exposed to Partial Electrical Discharges. J. Colloid
Interf. Sci. 2001, 244, 200-207.
181

Kipping, F. S. XXII. Organic Derivatives of Silicon. Part II. The Synthesis of
Benzylethylpropylsilicol, its Sulphonation, and the Resolution of the dl-Sulphonic Derivatives into
its Optically Active Components. J. Chem. Soc. Trans. 1907, 91, 209-240.
Krug, D. J.; Asuncion, M. Z.; Laine, R. M. Facile Approach to Recycling Highly Cross-Linked
Thermoset Silicone Resins under Ambient Conditions, ACS Omega 2019, 4, 3782-3789.
Krumpfer, J. W. Chemistry at Silicone - Inorganic Oxide Interfaces. Open Access
Dissertations. 2012, 615.
Krumpfer, J. W.; McCarthy, T. J. Rediscovering Silicones: “Unreactive” Silicones React with
Inorganic Surfaces. Langmuir 2011, 27, 11514-11519.
Langmuir, I. Pathological Science. Phys. Today 1989, 42 (10 - October), 36-48.
Laoutid, F.; Bonnaud, L.; Alexandre M.; Lopez-Cuesta, J.-M.; Dubois, Ph. New Prospects in
Flame Retardant Polymer Materials: From Fundamentals to Nanocomposites. Mater. Sci. Eng.
2009, 63, 100-125.
Lawton, R. A.; Price, C. R.; Runge, A. F.; Doherty, W. J., III; Saavedra, S. S. Air Plasma
Treatment of Submicron Thick PDMS Polymer Films: Effect of Oxidation Time and Storage
Conditions. Colloids Surf. A 2005, 253, 213−215.
Lee, K. W.; McCarthy, T. J. Surface-Selective Hydroxylation of Polypropylene.
Macromolecules 1988, 21, 309-313.
Lee, J. N.; Park, C.; Whitesides, G. M. Solvent Compatibility of Poly dimethylsiloxane)-Based
Microfluidic Devices. Anal. Chem. 2003, 75, 6544-6554.
Lee, Y. J.; Chevalier, P. M.; Ou, D. L.; Robson, S.; Dupont, A. Silicone Resins. WO Patent
2004/035661, April 29, 2004.

182

Lewin, M.; Weil, E. D. Mechanisms and Modes of Action in Flame Retardancy of Polymers.
Fire Retardant Materials 2001, 1, 31-68.
Lewis, L. N.; Scotia, N. Y. Method for Making a Platinum Hydrosilylation Catalyst. European
Patent 0,979,837 A2, February 16, 2000.
Lickess, P. D.; Rataboul, F. Fully Condensed Polyhedral Oligosilsesquioxanes (POSS): From
Synthesis to Application. Adv. Organomet. Chem. 2008, 57, 1-116.
Liebhafsky, H. A. Silicones Under the Monogram: a Story of Industrial Research; Wiley &
Sons: New York, 1978.
Lu, S.; Hamerton, I. Recent Developments in the Chemistry of Halogen-Free Flame Retardant
Polymers. Prog. Polym. Sci. 2002, 27, 1661-1712.
Maeda, K.; Motokura, K. Recent Advances on Heterogeneous Metal Catalysts for
Hydrosilylation of Olefins. Journal of the Japan Petroleum Institute 2020, 63, 1-9.
Mark, J. E. Polymer Data Handbook, 2nd ed.; Oxford University Press: New York, 1999.
Mark, J. E. Some Interesting Things about Polysiloxanes. Acc. Chem. Res. 2004, 37, 946-953.
Markó, I. E.; Stérin, S.; Buisine, O.; Mignani, G.; Branlard, P.; Tinant, B.; Declercq J. P.
Selective and Efficient Platinum(0)-Carbene Complexes as Hydrosilylation Catalysts. Science
2002, 298, 204-206.
Masalov, V. M.; Sukhinina, N. S.; Kudrenko, E. A.; Emelchenko, G. A. Mechanism of
Formation and Nanostructure of Stöber Silica Particles. Nanotechnology 2011, 22, 275718.
Moretto, H. M.; Schulze, M.; Wagner, G. Silicones. In Ullmans Encyclopedia of Industrial
Chemistry; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, 2012; Vo. 32, pp 675-712.

183

Morra, M.; Occhiello, E.; Marola, R.; Garbassi F.; Humphrey, P.; Johnson, D. On the Aging
of Oxygen Plasma-Treated Polydimethylsiloxane Surfaces. J. Colloid Interf. Sci. 1990, 137, 1124.
Nguyen, L.; Hang, M.; Wang, W.; Tian, Y.; Wang, L.; McCarthy, T. J.; Chen. W. Simple and
Improved Approaches to Long-Lasting, Hydrophilic Silicones Derived from Commercially
Available Precursors. ACS Appl. Mater. Interfaces 2014, 6, 22876-22883.
Nozawa, K.; Gailhanou, H.; Raison, L.; Panizza, P.; Ushiki, H.; Sellier, E.; Delville, J. P.;
Delville, M. H. Smart Control of Monodisperse Stöber Silica Particles: Effect of Reactant Addition
Rate on Growth Process. Langmuir 2005, 21, 1516−1523.
Oláh, A.; Hillborg, H.; Vancso, G. J. Hydrophobic Recovery of UV/Ozone Treated
Poly(dimethylsiloxane): Adhesion Studies by Contact Mechanics and Mechanism of Surface
Modification. Appl. Surf. Sci. 2005, 239, 410-423.
Osthoff, R. C.; Bueche, A. M.; Grubb, W. T. Chemical Stress-Relaxation of
Polydimethylsiloxane Elastomers. J. Am. Chem. Soc. 1954, 76, 4659-4663.
Pachaly, B.;Weis, J. The Direct Process to Methylchlorosilanes: Reflections on Chemistry and
Process Technology.” Organosilicon Chemistry III: From Molecules to Materials, 1997, 478-483.
Pauling, L. The Nature of Silicon–Oxygen Bonds. Am. Mineral. 1980, 65, 321-323.
Plueddemann E. P. Preparation of silylalkyl esters of phosphorus. U.S. Patent 4,093,641, 1978.
Plueddemann, E. P. Silane Coupling Agents, 2nd ed.; Plenum: New York, 1991.
Ren, X.; Bachman, M.; Sims, C.; Li, G. P.; Allbritton, N. Electroosmotic Properties of
Microfluidic Channels Composed of Poly(dimethylsiloxane). J. Chromatogr. B 2001, 762, 117125.

184

Rendler, S.; Oestreich, M. Hypervalent Silicon as a Reactive Site in Selective Bond-Forming
Processes. Synthesis 2005, 11, 1727-1747.Rochow, E. G. Aroxy Silicones and Insulated
Conductors and Other Products Utilizing the Same. U.S. Patent 2,258,221, October 7, 1941.
Robb, W. L. Thin Silicone Membranes - Their Permeation Properties and Some Applications.
Ann. N. Y. Acad. Sci. 1968, 146, 119-137.
Rochow, E. G. An Introduction to the Chemistry of Silicones, 2nd ed.; Wiley: New York, 1951.
Rochow, E. G. Halogenated Aryl Silicones. U.S. Patent 2,258,219, October 7, 1941.
Rochow, E. G. Methyl Aryl Silicones and Insulated Conductors and Other Products Utilizing
the Same. U.S. Patent 2,258,222, October 7, 1941.
Rochow, E. G. Methyl Silicones and Related Products. U.S. Patent 2,258,218, October 7, 1941.
Rochow, E. G. Preparation of Organosilicon Halide. U.S. Patent 2,380,995, August 7, 1945.
Rochow, E. G. Silicon and Silicones; Springer-Verlag: Berlin Heidelberg, 1987.
Rochow, E. G. The Direct Synthesis of Organosilicon Compounds. J. Am. Chem. Soc. 1945,
67, 963-965.
Rochow, E. G. Resinous Materials and Insulated Conductors and Other Products Utilizing the
Same. U.S. Patent 2,258,220, October 7, 1941.
Rochow, E. G.; Gilliam, W. F. Polymeric Methyl Silicon Oxides. J. Am. Chem. Soc. 1941, 63,
798-800.
Rochow, E. G.; Rochow. T. G. The Properties and Molecular Weights of Some Silicone
Polymers. J. Phys. Chem. 1951, 55, 9-16.
Roth, W. L. The Possibility of Free Rotation in the Silicones. J. Am. Chem. Soc. 1947, 69, 474475.Slater, J. C. Atomic Radii in Crystals. J. Chem. Phys. 1964, 41, 3199-3204.

185

Saito, Y.; Wang, L.; Zheng, P.; Bian, P.; McCarthy, T. J. A Different Silica Surface: Radical
Oxidation of Poly(methylsilsesquioxane) Thin Films and Particles (Tospearl). Langmuir 2020, 36,
10110-10119.
Sakaki, S.; Mizoe, N.; Sugimoto, M. Theoretical Study of Platinum(0)-Catalyzed
Hydrosilylation of Ethylene. Chalk-Harrod Mechanism or Modified Chalk-Harrod Mechanism.
Organometallics 1998, 17, 2510-2523.
Senzai, T.; Fujikawa, S. Fast Hydrophobicity Recovery of the Surface-Hydrophilic
Poly(dimethylsiloxane) Films Caused by Rechemisorption of Dimethylsiloxane Derivatives.
Langmuir 2019, 35, 9747-9752.
Shoichet, M. S.; McCarthy, T. J. Convenient Syntheses of Carboxylic Acid Functionalized
Fluoropolymer Surfaces. Macromolecules 1991, 24, 982-986.
Sommer, L. H.; Pietrusza, E. W.; Whitmore, F. C. Peroxide-Catalyzed Addition of
Trichlorosilane to 1-Octene. J. Am. Chem. Soc. 1947, 69, 188-188.
Speier, J. L.; Webster, J. A.; Barnes, G. H. The Addition of Silicon Hydrides to Olefinic Double
Bonds. Part II. The Use of Group VIII Metal Catalysts. J. Am. Chem. Soc. 1957, 79, 974-979.
Sprung, M. M.; Guenther, F. O. The Hydrolysis of n-Amyltriethoxysilane and
Phenyltriethoxysilane. J. Polym. Sci. 1958, 28, 17-34.
Sprung, M. M.; Guenther, F. O. The Partial Hydrolysis of Ethyltriethoxysilane. J. Am. Chem.
Soc. 1955, 77, 3996-4002.
Sprung, M. M.; Guenther, F. O. The Partial Hydrolysis of Methyltriethoxysilane. J. Am. Chem.
Soc. 1955, 77, 3990-3996.
Sprung, M. M.; Guenther, F. O. The Partial Hydrolysis of Methyltrimethoxysilane. J. Am.
Chem. Soc. 1955, 77, 4173-4175.
186

Sprung, M. M.; Guenther, F. O. The Partial Hydrolysis of Methyltri-n-propoxysilane,
Methyltriisopropoxysilane and Methyltri-n-butoxysilane. J. Am. Chem. Soc. 1955, 77, 6045-6047.
Stein, J.; Lewis, L. N.; Gao, Y.; Scott, R. A. In Situ Determination of the Active Catalyst in
Hydrosilylation Reactions Using Highly Reactive Pt(0) Catalyst Precursors. J. Am. Chem. Soc.
1999, 121, 3693-3703.
Stöber, W.; Fink, A.; Bohn, E. Controlled Growth of Monodisperse Silica Spheres in the
Micron Size Range. J. Colloid Interf. Sci. 1968, 26, 62-69.
Tan, S. H.; Nguyen, N.; Chua, Y. C.; Kang, T. G. Oxygen Plasma Treatment for Reducing
Hydrophobicity of a Sealed Polydimethylsiloxane Microchannel. Biomicrofluidics 2010,4, 032204.
Teisala, H.; Baumli, P.; Weber, S. A. L.; Vollmer, D.; Butt, H.-J. Grafting Silicone at Room
Temperature – a Transparent, Scratch- resistant Nonstick Molecular Coating. Langmuir 2020, 36,
4416-4431.
Tóth, A.; Bertóti, I.; Blazsó, M.; Bánhegyi, G.; Bognar, A.; Szaplonczay P. Oxidative Damage
and Recovery of Silicone Rubber Surfaces. I. X‐Ray Photoelectron Spectroscopic Study. J. Appl.
Polym. Sci. 1994, 52, 1293-1307.
Tretbar, C.A.; Neal, J. A.; Guan, Z. Direct Silyl Ether Metathesis for Vitrimers with
Exceptional Thermal Stability, J. Am. Chem. Soc. 2019, 141, 16595-16599.
Troegel, D.; Stohrer, J. Recent Advances and Actual Challenges in Late Transition Metal
Catalyzed Hydrosilylation of Olefins from an Industrial Point of View. Coordin. Chem. Rev. 2011,
255, 1440-1459.
Unno, M.; Suto, T.; Matsumoto, T. Laddersiloxanes — Silsesquioxanes with Defined Ladder
Structure. Russ. Chem. Rev. 2013, 82, 289-302.

187

Veraprath, S.; Lehmann, R. G. Speciation and Quantitation of Degradation Products of
Silicones (Silane/Siloxane Diols) by Gas Chromatography Mass Spectrometry and Stability of
Dimethylsilanediol. J. Environ. Polym. Degrad. 1997, 5, 17-31.
Vickers, J. A.; Caulum, M. M.; Henry, C. S. Generation of Hydrophilic Poly(dimethylsiloxane)
for High-Performance Microchip Electrophoresis." Anal. Chem. 2006, 78, 7446-7452.
Wade, L. G. Jr. Organic Chemistry, 6th ed.; Pearson Prentice Hall: New Jersey, 2006.
Wang, X.; Kalali, E. N.; Wan, J.; Wang, D. Carbon-Family Materials for Flame Retardant
Polymeric Materials. Prog. Polym. Sci. 2017, 69, 22-46.
Wilcock, D. F. Vapor Pressure-Viscosity Relations in Methylpolysiloxanes. J. Am. Chem. Soc.
1946, 68, 691-696.
Witucki, G. L. Tailoring Performance with Silicone Resin Intermediates. PPCJ, Polym. Paint
Colour J. 2013, Nov., 28-29.
Xia, Y.; Whitesides, G. M. Soft lithography. Ann. Rev. Mater. Sci. 1998, 28, 153-184.
Yagahashi, F.; Igarashi, M.; Nakajima, Y.; Sato, K.; Yumoto, Y.; Matsui, C.; Shimada, S.
Unexpected Selectivity in Cyclotetrasiloxane Formation by the Hydrolytic Condensation Reaction
of Trichloro(phenyl)silane. Eur. J. Inorg. Chem. 2016, 2882-2886.Young, T. III. An Essay on the
Cohesion of Fluids. Philos. T. R. Soc. 1805, 95, 65-87.
Yagahashi, F.; Igarashi, M.; Nakajima, Y.; Ando, W.; Sato, K.; Yumoto, Y.; Matsui, C.;
Shimada, S. Acid-Catalyzed Condensation Reaction of Phenylsilanetriol: Unexpected Formation
of cis,trans-1,3,5-Trihydroxy-1,3,5- triphenylcyclotrisiloxane as the Main Product and Its Isolation.
Organometallics 2014, 33, 6278-6281.Zaikov, G. E.; Lomakin, S. M. Polymer Flame Retardancy:
a New Approach. J. Appl. Polym. Sci. 1998, 68, 715-725.

188

Zhang, W.; Wang, X.; Wu, Y.; Qi, Z.; Yang, R. Preparation and Characterization of
Organic−Inorganic

Hybrid

Macrocyclic

Compounds:

Cyclic

Ladder-like

Polyphenylsilsesquioxanes. Inorg. Chem. 2018, 57, 3883-3892.
Zhang, B; Zhuo, D; Gu, A.; Liang, G.; Hu, J.; Yuan, Li. Preparation and Properties of Addition
Curable Silicone Resins with Excellent Dielectric Properties and Thermal Resistance. Polym. Eng.
Sci. 2012, 52, 259-267.
Zhao, L. H.; Lee, J.; Sen, P. N. Long-Term Retention of Hydrophilic Behavior of Plasma
Treated Polydimethylsiloxane (PDMS) Surfaces Stored under Water and Luria-Bertani Broth.
Sens. Actuators, A 2012, 181, 33−42.
Zheng, P. Preparation, Characterization, Surface modification and Applications of Siloxane
Polymers. Doctoral Dissertations 1896 – February 2014. 2012.
Zhou, J.; Ellis, A.V.; Voelcker, N. H. Recent Developments in PDMS Surface Modification
for Microfluidic Devices. Electrophoresis 2010, 31, 2-16.
Zhou, J.; Khodakov, D. A.; Ellis, A. V.; Voelcker, N. H. Surface Modification for PDMS‐
Based Microfluidic Devices. Electrophoresis 2012, 33, 89-104.

189

